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Abstract:  
UHTCs are at the forefront of materials research as the aerospace industry and other high tech 
sectors become limited in vision and scope by the shortfalls of the current generation of materials. 
The race is on to find a candidate material to replace C/C-SiC composites in all high temperature 
high strength environments. For UHTCs to improve on the current generation issues such as 
thermal shock, high temperature oxidation, strength and fracture toughness must be overcome. 
Incorporation of UHTCs into composite structures hopes to alleviate many of these issues.  
 
The thesis will be split into five key phases: procurement, synthesis, processing, testing and 
analysis. The synthesis phase compared the merits of silicides, oxides and diborides in the 
densification of UHTC composites. The research covered all refractory elements and common 
sintering aids. Viable sintering, processing and infiltration methods were outlined and compared. 
 
The introduction of the monolithic ZrB2-ZrSi2 system into C/C-SMP-10 construction achieved 
improved strength and high temperature performance via surface passivation and consolidation of 
the fibre-matrix interface.  
 
Through the use of XRD, SEM and microscopy the presence of passivating films and oxides were 
confirmed. High temperature experiments demonstrated a large improvement in mass retention 
from 68% to 83% in an inert atmosphere at 1600°𝐶. The new material system also significantly 
outperformed existing compositions in a 1000°𝐶 oxidising environment.  
 
Future investigations into Zr-Si interactions with other refractory element additions is expected to 
make further improvements to create the next generation of ultra-high temperature performance 
materials. 
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Acronym Glossary 
AES: Atomic Emission Spectroscopy 
AHPCS: Allylhydridopolycarbosilane (SMP-10) 
B2O3: Boric Anhydride  
CMC: Ceramic Matrix Composites 
SLS: Selective Laser Sintering 
CNT: Carbon Nanotubes 
CVD: Chemical Vapour Disposition 
ECAS: Electric Current Assisted/Assisted Sintering  
FAP: Fundamental Aeronautics Program 
FAST: Field Assisted Sintering Technique 
FS: Flash Sintering 
FSPS: Flash SPS 
HIP: Hot Isostatic Pressing 
HP: Hot Pressing 
IS: Impedance Spectroscopy 
LENS: Laser Engineered Net Shaping 
LFA: Laser Flash Apparatus 
MoSi2: Molybdenum Silicide 
NASA: National Aeronautics Space Administration 
P1: Pyrolysis 1 
PCS: Polycarbosilane  
PIP: Precursor Infiltration and Pyrolysis  
PPI: Powder pre-infiltration 
Re#1: Reinfiltration Cycle 1 
RMI: Reactive Melt Infiltration  
SEM: Scanning Electron Microscope 
SBS: Short Beam Shear 
SHS: Self Propagating High Temperature Synthesis  
SI: Slurry Infiltration 
SiC: Silicon Carbide 
SiO2: Silicon Oxide 
SMP-10: (See AHPCS) 
SPS: Spark Plasma Sintering 
TaC: Tantalum Carbide 
TaSi2: Tantalum Silicide 
TBC: Thermal Barrier Coatings 
TEM: Transmission Electron Microscope 
TPS: Thermal Protection System/ Thermal Barrier 
System (TBS) 
UHTC: Ultra High Temperature Composites 
UHTCC: Ultra High Temperature Ceramic 
Composites 
XEDS: X-ray Energy Dispersive Spectroscopy 
XPS: S-ray photoelectron spectroscopy (XPS) 
XRD: X-ray Diffraction  
Zr: Zirconium 
ZrB2: Zirconium Diiboride 
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Chapter 1: Introduction 
1.1: The Thesis Paper 
Since the 1960’s Ceramic Composites aimed to fill a void in the materials universe. Many high 
temperature technologies were and remain limited by rapid oxidation. All existing commercial 
materials at temperatures above 2000 degrees have less than optimal results in the challenges of 
re-entry or hypersonic travel to combustion chambers and nuclear engineering. Significant interest 
in recent times from NASA’s Ames program and the advancement in composite technologies 
have rekindled significant interest into Ultra High Temperature Composites (UHTCs). 
 
This is a research based paper for the University of Queensland which aims to investigate novel 
ways of producing ZrB2-SiC composite structures from bulk powders, ceramic precursors, 
pressurelessly at lowered temperatures. Appropriate compositions and the effects of ramp rates, 
dwells and temperature regions on the density and microstructural properties of the ZrB2-SiC 
system will be investigated. Invasive high temperature tests, flexural tests and characterisation 
will be undertaken to physically validate the compositions and manufacturing techniques for their 
validity and highlight areas where further targeted research would be most beneficial. 
 
1.2: UHTC Overview 
Currently the majority of ultra-high temperature applications use SiC and Si3N4 reinforcements in 
a C-C matrix with limited degree of success. The limitations of oxidation and fracture toughness 
in high temperature materials prevent optimal design in high speed and high temperature 
applications. A primary application is the leading edge of re-entry vehicles or hypersonic aircraft 
which currently required relatively blunted edges to remain intact. Competition exists between 
various additives SiC, Mo, Ir, Nb, Ta, Hf, Zr, B, W and Ti in CMCs. (Zhu, 2008) The benefits and 
drawbacks of each addition in isolation and interactively are largely unknown. The goal is to 
produce a ceramic composite material with properties that can improve on traditional drawbacks.  
 
Compounds that may be considered as UHTCs include borides, carbides, nitrides in addition to early 
transition metals. All UHTCs are characterised by strong covalent bonding allowing structural 
stability at high temperatures. Particular interest exists in SiC polymer precursors due to the 
capability to form SiC along the grain boundaries which Guron suggests can increase fracture 
toughness by up to ~24%. Refractory metals may be added to improve key mechanical properties or 
sinterability allowing lower temperatures and simpler processes to be used in production.  
Chapter 2: Thesis Definition & Scope 
2.1: Issues and Setbacks for UHTCs 
2.1.1 Density 
Although UHTCs and even UHTC composites have higher specific densities than C/C or C/SiC, 
however once high temperature effects such as mass loss, oxidation and microstructural changes 
are considered the UHTC composite will outperform traditional systems. At this point thicknesses 
of materials may be reduced, and overall mass added to a given system can be reduced.   
2.1.2 Thermal Shock & Fracture Toughness 
Thermal shock is defined as the maximum change in temperature without the appearance of 
cracks. Fracture toughness is the ability of a crack to resist fracture. Monolithic ceramics tend to 
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have low fracture toughness, this can be vastly improved when fibre reinforcements are integrated 
into the construction. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Comparison of monolithic vs composite SiC stress vs strain response (Glass, D. E. (2011) 
 
2.1.3 Oxidation Effects 
Oxidation of UHTCs occur in two separate regions stable (700-1600°C) and unstable (1600-
2000°𝐶+). The behaviour is complex and dependent on many factors including the atmosphere, 
composition and densification process. Figure 2 shows the oxidation behaviour of ZrB2-SiC. 
Research is underway to further understand the factors that influence the formation, composition, 
thickness, stability and resilience of these oxide films. These oxide effects are described in further 
detail in Section 11.4. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Oxidation behaviour of ZrB2-SiC (Glass, D. E. (2011))  
 
 
2.2: Objective  
During the investigation of the synthesis, processing and characterisation of ceramic composites 
the following objectives have been identified. 
2.2.1 Key Objectives of Research: 
• Gain a greater understanding of how individual element additions affect the development of 
passive films at higher temperatures. 
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• Investigation of different manufacturing methods and the effect on mechanical properties vs 
efficiency and cost of the process. 
• Investigation of material stability and environmental degradation of diboride reinforced oxide 
matrix composites exposed to high 1000-1600°C in both inert and oxidising atmospheres. 
• Evaluation of leading UHTC diboride ZrB2 
o A better oxidation barrier layer on the surface by alteration of the surface glass viscosity. 
o Densification of the ZrO2 and porosity reduction 
o Reduction or removal of the SiC depleted layer 
• Investigating the effect of the sintering aid ZrSi2 on formation of liquid phases in the ZrB2-
ZrSi2-SMP-10 systems. 
• Investigation of silicides as diffusion barriers and sintering aids (SiC, SiO2) 
• Investigation of processing methods: Reinfiltration, Pyrolysis (Low & High), Hot Pressing, 
pressurelessly sintering monolithic parts. 
• Understanding different processing options, mapping and matching existing equipment needs.  
• Selection of adequate suppliers to facilitate the procurement of fine powders and all other 
materials required for UHTCC part production 
• Achieving an understanding of integration with industry and aligned educational institutions 
to best utilise all available resources in the development of UHTC composites. 
• Investigation of the following techniques in improving densification: 
o Pure & ultrapure powders 
o Powder particle size refinement 
o Increasing the defect concentrations through high energy milling 
o High-temperature reactive sintering 
o Use of sintering additives 
2.3: Scope 
The project has been divided into the five key phases below: 
 
2.3.1 Five Key Project Phases: 
1. Procurement: Ordering, arrangement of resources and equipment. 
2. Synthesis: Mixing of ceramic powders, milling and sample preparation. 
3. Processing: Adding of sintering aids and specialised systems, production of slurries, 
greenbodies, pyrolization and reinfiltration of parts. 
4. Testing and application of processed material. 
5. Analysis and characterisation of compositions, methods and outcomes. 
These key phases will be analysed in greater detail in chapter 6.  
Due to the vastness of the UHTC field and all the possible combinations and permutations of each 
additive element a well refined and explicit scope is required. It would be too rigorous to test for 
every potential development in the UHTCs field. Therefore the literature search aimed to focus on 
oxidation performance and strength retention of the UHTCs at high temperatures.  
Pre-existing limitations of High Temperature synthesis above 1700 °C exist on the university 
level. Accordingly, synthesis processes below this temperature ceiling will be required. An 
opportunity to build on existing capabilities exists. Limitations of technology prevent the 
utilisation of emerging techniques such as FAS, SPS, HIP or FAST but they will still be outlined 
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for comparison as a benchmark. Further investigation is required to evaluate the benefits and costs 
of pursuing particular synthesis and processing paths. 
2.4: Deliverables 
A UHTC capable of withstanding sustained exposure to temperatures exceeding 1600°C in inert 
environments and at 1000°C in oxidising environments. Determining effective mixtures of 
refractory metals, silicides and borides that allowed strength, thermal conductivity and oxidation 
resistance to be maximised at this temperature. Improving efficiency of the processing technique 
for the synthesis and mixing of powders that achieves a near ideal density (~99%).  
2.5: Hypothesis: 
The addition of the ZrB2-ZrSi2 system into a C/C-SMP-10 via slurry infiltration will promote 
improved strength and high temperature performance via surface passivation and consolidation of 
the fibre-matrix interface.  
Chapter 3: Literature Review 
3.1 Current Matrix Enriching Materials 
The following sections 3.1.1 - 3.1.19 outline common material groups and elements that may be 
added to UHTC compositions to improve mechanical properties. 
3.1.1 Nitrides 
Any class of chemical in which Nitrogen is combined with an element of lower or comparable 
electronegativity. Carbides nitrides are classified into three subcategories: 
 
1. Ionic – Formed with alkaline-earth metals and Lithium 
2. Interstitial – Formed with transitional metals. Categorised with high temperature 
resistance. 
3. Covalent – e.g. BN, cyanogen,(CN)2 
 
Commonly produced by either direct reaction of elements or through the loss of ammonia by 
thermal decomposition of a metal amide. (E.P. Simonenko, 2016) 
 
Si3N4 has been identified as the most effective sintering aid promotion of densification and 
reduction of sintering temperature. When adding Si3N4 to the material system the additive 
removes surface oxides from the powder particles as follows: 
 
𝑆𝑖3𝑁4(𝑠) + 2𝐵2𝑂3(𝑙) → 4𝐵𝑁 (𝑠) + 3𝑆𝑖𝑂2(𝑙) 
 
BN and ZrO2 pockets will form from this liquid phase but some will be retained along the grain 
boundaries of the amorphous films Si-O-B-N-Zr. AlN is an alternative sintering addition but is 
much less effective requiring a temperature of 1850°C instead.  
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3.1.2 Borides 
One of the most crucial types of refractory metal may be defined as interstitial phase compounds 
formed directly with B-B bonds within the lattice. Borides may be further defined in three sub-
groups: 
1. Borides formed by the s-elements with s outer electrons, deeper electron shells are 
completely occupied or completely unoccupied. 
2. Borides formed by ds and fds elements with atoms containing incomplete d or fd subshells.  
3. Borides formed by p elements with s or p electrons.  
 
Borides are more appropriate for aerospace applications due to a far superior thermal conductivity 
compared to carbides. UHTCs for application above 200 degrees currently require some form of 
Si to sufficiently avoid high temperature oxidation. The formation of a passive SiO2 film allows 
for an impervious oxidation barrier up to 1600°C. Both Zr and Hf oxide layers have been shown 
to have melting points above 2000 °C (2700 & 2900) respectively. However, they have 
undesirable creep rates and thermal shock reactions hence both ZrB2 & HfB2 are prevalent.   
 
3.1.3 Carbides 
Defined as a compound of carbon coupled with a less electronegative element. Defined in the 
following sub-groups: 
 
1. Salt-like (ionic) carbides – Acetylides, Methanides, Sesquicarbides 
2. Covalent carbides – e.g. SiC, 𝐵4𝐶, 𝐵25𝐶 
3. Interstitial carbides – Transition metals of groups four, five and six excluding Chromium. 
-These are the carbides of greatest concern for application in UHTCs.  
4. “Intermediate” transition metal carbides - Form when the transition metal ion is smaller 
than 135 pm. The most commonly occurring variant is cementite (Fe3C) appearing in 
steels. 
 
Research conducted by Zhu demonstrated the effectiveness of WC, B4C and C as a sintering aid 
for pressureless sintering.  Zhu discovered that with the addition of 2 wt% B4C and 1 wt% C to a 
ZrB2 powder resulted in 98% densification at 1900°C. The carbides act by removing the surface 
oxides that cause the majority of coarsening in the structure. Here the carbide additives reduce the 
oxygen carrying species on the surface of the diboride powders.  
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3.1.3.1 Carbides and Nitrides Investigation  
Extensive research is being currently undertaken in the SiC groups particularly in the Si 
containing compounds (Si3N4, MoSi2). However, this is slightly misguided as the SiO2 protective 
layer is only sufficient to temperatures below 1700 °C. Once temperatures exceed this threshold 
active oxidation occurs whereby SiO forms instead resulting in high levels of ablation. For highly 
oxidising applications Ti, Nb and Ta may not be suitable since the formed oxides have maximum 
melting temperatures of less than 1887°C. Products that liquify are removed from the surface by 
shear causing accelerated ablation losses. Boron nitride has been identified as an ablator. Using 
oxides directly is unsuitable for aerospace applications due to their high rate of thermal expansion 
and low thermal conductivity. Nitrides have not been as extensively researched. Suni has shown 
that oxidation rates in dry conditions follow an Arrhenius relation which suggests a diffusion-
control process. When undergoing wet oxidation severe pitting was observed.  Cermets with Mo 
or W additions have been identified as a future area of interest. Where cermets are defined as any 
of a class of heat-resistant materials made of ceramic and sintered metal. 
 
3.1.3.2 Additions of SiC  
Figure 4 shows the chemical equilibrium across a range of temperatures and the expected phases 
that will form. SiC particles prevent grain-boundary migration and allow for the restraining of the 
ZrB2 matrix increasing the densification driving force. (Zhu, 2008) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.1.3.1 Silicon Carbide (SiC) 
Comprises of a covalently bonded tetrahedron stack of C atoms surrounding a Si centre. Both 
hexagonal and cubic stacking occurs and intermixes to form multitudes of ordered structure. 
Many grades of SiC are available in various forms and are further outlined in Chapter 4. 
 
3.1.4 Silicides 
Any bonding of silicon to a more electropositive element. Silicides are binary compounds. 
Transitional metal silicides are typically inert to all aqueous solutions except hydrofluoric acid. 
Reactive with halogen gases at extremely high temperatures; includes TiSi2, ZrSi2, MoSi2. 
 
Consider (XSi2) where (X = Ti, Cr, Zr, Mo, Ta, W)  
 
Fabrication of UHTCs with strengths in the range of 500-1000MPa have been achieved. Low 
fracture toughness has been identified as the biggest limiting factor. The study of intergranular 
phases at the matrix interface have been identified as crucial at overcoming the issues of crack 
propagation. 
 
Figure 3: Formation of Oxide Layers in ZrB2-B2O3-SiC (Zhu, 2008) 
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Silvestroni investigated the interactions between fibre, matrix and sintering inoculants and the 
effects of differing temperatures and techniques. The additions of Si3N4, MoSi2 and 𝑍𝑟𝑆𝑖2 were 
found to significantly reduce the sintering temperatures. SiC fibres were found to start reacting 
with the boride matrix at tempeartures above 1500°C. When sintering is undertaken at 
temperatures exceeding 1700°C any reinforcing fibre becomes a secondary phase. Composites 
containing ZrSi2 achieved fracture toughnesses of 5.4 - 6.2MPa.√𝑚 with strengths of 400MPa 
maintained to 1200 degrees. The toughening mechanism was identified as crack bowing. 
 
Further research with the use of Tyranno SA3 Fibre showed a marked improvement in fracture 
toughness. The new microstructure contained Beta-SiC crystallites and intergranular pockets of 
turbostatic carbon and amorphous phase. Toughening mechanisms included pinning, and 
secondary mechanisms of crack deflection and bridging. Strength was improved to 460MPa with 
an increase in fracture toughness of 20-35%. The development of a thin silica layer allowed for 
maintained strength to 1500°C.  
 
The addition of WSi2 allowed for an 84% retention at 1500°C in air. However, there was no 
significant improvement in toughness observed. WSi2 exists in a tetragonal structure combing the 
desirable traits of a high melt temp (2160°C), high oxidation resistance, good high temperature 
strength due to the formation of an adherent SiO2 scale.  
 
Additions of SiC, MoSi2 and TaSi2 exhibited better high temperature performance since SiO2 is 
passivating compared to B2O3 which evaporates above 1500°C (Kazemzadeh, 2014). This can 
cause problems such as surface layer rupture through the SiO gas production or depletion of the 
SiC layer.  
 
Experimental Procedure: 
1. High-purity ZrB2 powder is added with 2% B4C. In different samples 4mol% of W, Mo, 
and Nb were produced. The powder compositions were ball milled in methyl ethyl ketone 
for 24 hours. The powders were dried and sieved. 
2. Densification was undertaken using hot pressing at 2100°C for 45min at 32MPa.  
3. Cut pieces were polished by a 15𝜇𝑚 diamond slurry. 
4. Bulk density was calculated using the Archimedes technique. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Surfaces of pure ZrB2, (b) (Zr,W)B2, (c) (Zr,Mo)B2, (d) (Zr,Nb)B2 after oxidation at 1600°𝐶 for 3hrs 
 
The Processing and Production of Ceramic Composites to Improve Oxidation and Strength Properties at Ultra High Temperatures 
 
           9 R.J.Langford 2017 
 
Figure 4 shows the surface morphology after 3hr of oxidation at 1600°C. Gaps were shown to be 
most severe at the triple points between the oxide grains. The white dashed lines in samples c and 
d represent the last sections of the material that was covered in liquid oxide. Evidence of ruptured 
bubbles were observed in between the liquid glass pools (black dashed lines). The light layer 
forms as B2O3 evaporates. The dark layer is believed to be oxygen deficient ZrO2.  The thickness 
of light layers in these specimens is significantly thicker in nominally pure ZrB2 than compared to 
the those with additions of Nb or Mo. Incorporation of these additives effectively reduced oxygen 
transport. The dark layer was shown to be a more effective oxygen transport barrier.  
 
3.1.5 Zirconium 
Zirconium is a strong malleable, ductile lustrous transition metal. Zirconium produces a passive 
oxide layer at normal temperatures.  
 
3.1.5.1 Additions of ZrSi2 
𝑍𝑟𝑆𝑖2 forms liquid phases at 1400°C, Si3N4 forms liquid phases at 1590°C. This is crucial as 
liquid phases reduce the sintering temperatures and in turn this will positively influence the fibre 
morphology. Additions of Si3N4, ZrSi2, HfSi2 allow sintering below 1700°C. 
 
Research at the Imperial College of London has focused on the addition of rare-earth borides and 
oxides to a baseline ZrB2 – 20%SiC UHTC. Fully dense ZrB2, HfB2 and TaC compounds were 
produced using SPS at 1900°C. Additions of SiC were shown to reduce the thermal expansions of 
monolithic Hf, Zr diborides. Furthermore, additions of La2O3 and SiC reduced thermal diffusivity 
by 10%. Monteverde has demonstrated debonding and microcracking between HfB2 and SiC as a 
main failure mode. Additions of LaB6, LaO3 and Gd2O3 were found to produce RE Zirconia scales 
more stable than liquid silica but lower than the ZrO2 scale. Additions of TaSi2 were found to 
form a black oxide layer increasing emissivity.  
 
Impregnation method – Loughborough  
1. Levine prepared UHTC composites by filament winding and slurry impregnation 
technique followed by hot pressing for 14 and 20% SiC additions. 
2. Tang used 2D carbon fibre preforms with aqueous slurries of ZrB2, SiC, HfC and TaC. 
These were infiltrated using a pressure assisted technique. Further densification was 
achieved using a pyrocarbon deposition method at 1000 -1100°C.  
3. Hybrid UHTCs from 2D carbon fibre preforms with 23% volume fibres (Surface 
Transforms Ltd UK). UHTC powder slurries were produced by alumina ball milling for 
48hrs. A phenolic resin of 45.5% Carbon was used. The preforms were then vacuum 
impregnated with the slurries. The preforms were then dried at 75°C for 4hrs before curing 
at 125-150°C for 2 hours. This process was repeated three times. Pyrolysis was undertaken 
at 900°C with flowing Argon. 
3.2 Potential Matrix Enriching Compounds in ZrB2-ZrSi2–SiC Systems 
The following compounds are theorised to either improve sinterability, mechanical 
properties or high temperature performance from the formation of liquid phases, 
intermetallic or desirable oxide coatings. 
 
3.2.1 Tantalum 
Tantalum is a rare, shiny, dense metal with highly ductile properties. It is known for high levels of 
heat and electrical conductance. Commonly added to alloys to increase strength, ductility and 
corrosion resistance. It is commonly used in electric components such as high power resistors.  
The Processing and Production of Ceramic Composites to Improve Oxidation and Strength Properties at Ultra High Temperatures 
 
           10 R.J.Langford 2017 
 
 
3.2.2 Tungsten 
Is a very hard, dense, lustrous metal. At temperatures above 1650°C has the highest tensile 
strength of all metals. It has a very high resistance to corrosion. Most commonly used in high 
speed steels and heavy metal alloys. 
 
3.2.3 Iridium 
Is a rare, hard, brittle and very dense metal. It is most well known as being the most corrosion 
resistant metal known and can resist attack from any acid. Used as a hardening agent for platinum 
alloys or used in the production of crucibles.  
 
3.2.4 Graphene 
Contains many benefits of CNTs with easier paths of synthesis. Graphene is comprised of a single 
layer of Carbon atoms orientated in a hexagonal structure. In and out of plane bonds give the 
material very high strength with a modulus of 1100GPa and tensile strength of 130GPa. Both 
CVD and epitaxial methods are used extensively in mass production. 
 
3.2.5 Mo-Si-B 
The MoSi2 phase is of importance due to the formation of a SiO2 scale. Additionally, both 
Mo5SiB2 and Mo5Si3 show good oxidation resistance. Undesirable intermetallic Mo3Si must be 
prevented from forming due to poor oxidation performance. Mo-Si-B is typically produced 
through hot pressing and pressureless sintering at very high temperatures of 1900°C. (Ouyang, 
2016) Reaction sintering allows for a temperature reduction to 1600°C. 
 
3.2.6 Hafnium 
Hafnium is a lustrous silvery ductile transition metal. It is unaltered by all acids and alkalis except 
for hydrogen fluoride. A resistance to corrosion at normal temperatures is attributed to a passive 
oxide layer that forms on its surface.  
 
3.2.7 Titanium Diboride 
TiB2 shows attractive mechanical, tribological, thermodynamic and chemical properties. In 
particular the low density and coefficient of thermal expansion make it an attractive aerospace 
prospect. The compound is comprised primarily of covalent bonds leading to good strength and 
directional properties. Monolithic TiB2 requires excessive temperatures to produce adequate 
densification.  Alternatively, additives can be used to assists sintering however it has been shown 
that they can affect high temperatures and corrosive properties. (Baso, 2006)  
 
3.2.8 TaC Based Ceramics 
Investigations into TaC showed that a residual tensional state in the TaC matrix prevents 
additional toughness improvements. See Table 1 below T designates Tantalum.  
 
 
 
 
 
 
 
 
Table 1: Formation of Oxide Layers in ZrB2-B2O3-SiC (Zhu, 2008) 
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The TT composition (TaC + TaSi2) was sintered to a pore free microstructure. Contained a mean 
grain size of 2.5microm with larger grains of 7𝜇m. TaC had larger pockets of up to 8microm with 
additions of SiC, Si-C-O, SiO2 and TaSiC. Tantalum carbides possess a a range of high to ultra 
high melting temperatures and a microstructure determined by the co-precipitation of metal-rich 
carbides. TaC exists in a monocarbide form with precipitations of Me6C5 and (Me=Ta, Nb and V). 
These intermetallics will only form from slow rates of cooling 0.5K/min. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.3 Current Ceramic Precursors For Use In The Formation Of UHTC Slurries  
3.3.1 Sol-Gels (Polymerised Ceramics)  
Starfire systems produce viscous polycarbosilane precursors used to form dense amorphous 
ceramic post pyrolysis. Chemistries can be altered to change the post pyrolysis products.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: A model of the Si-Based Polymerised Ceramic Precursor Family 
 
Figure 5:Ta-C Phase Diagram 
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The cured precursor presents excellent oxidation resistance. These sol-gels aim to outperform 
traditional epoxy and phenolic resins in high performance aerospace applications. Similar lower 
temperature ceramic precursor resins SPR212 and SPR688. The term pre-ceramic defines a 
combination of organic and inorganic molecular segments that react thermally to transform into 
ceramics.  Three main systems have led in the aerospace industry.  
1. Carbosilazanes (Si-C-N) (KiON Ceraset)  
2. Silicon Oxycarbides (O-Si-O) (Honeywell Blackglas)  
3. Si-C carbosilanes (SMP-10 formerly known as AHPCS polymer). The properties and chemistry 
of SMP-10 have been further investigated below. 
 
3.3.2 Starfire - SMP10: 
Produces high stoichiometric yields of high purity ceramic SiC. The resin is characterised by 
relatively low toxicity and ease of use with no chlorides, acids or corrosives contained in the resin. 
The shelf life of the liquid is significantly reduced when not stored below -10°C.  
 
Green cure will occur between 180-400°𝐶 allowing for simple mould production. Amorphous SiC 
forms at temperatures between 850°C and 1200°C at 72-78% yield. Nano-crystalline phase 𝛽 −
𝑆𝑖𝐶 forms in the temperature range between 1250°C and 1700°C.  
 
Table 2: Properties of SMP-10 
 
(Starfire Systems, 2017) 
 
3.3.3 Synthesis of SMP-10 [Allyl Hydrido Polycarbosilane (AHPCS)] 
Carbosilanes comprise a semi-organic backbone of carbon and silicon atoms covalently 
bonded in an alternating fashion. 
 
 
 
 
 
 
Figure 7: Oligomer chain of alternating carbon-silicon atoms 
 
The initial marketed product from Starfire systems Allyl Hydrido Polycarbosilane (AHPCS) 
remains roughly the same composition after the rebranding as SMP-10. Typical allyls used 
include propenyl and methyl vinyl which comprise 10-15% of the SMP-10 compound.   
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Figure 8: Production of monochloromethyl trichlorosilane (MMTS) (Lee, 2009) 
 
MMTS forms the primary reactive monomer in the synthesis of polycarbosilane. From here 
Grignard synthesis is used to produce chloropolycarbosilane. 
 
 
 
 
 
 
 
 
 
 
Figure 9: Production of monochloromethyl trichlorosilane (MMTS) (Lee, 2009) 
From here reducing agents are used to eliminate the -Cl groups replacing them with uniform 
distributions of allyls.  
 
SMP-10 will emit hydrogen gas in response to atmospheric moisture until it is cure hardened into 
a ceramic form. (Lee, 2009) 
 
Three unfavourable reactions occur when exposed to the atmosphere: 
1. The evolution of hydrogen gas 
2. Hydration/hydrolysis of silyl hydride groups 
3. Oxidation of silyl hydride groups 
 
3.3.4 Pyrolysis Reactions of SMP-10 [Allyl Hydrido Polycarbosilane (AHPCS)] 
The production of ceramic composites is a two step process: 
 
1. Curing/crosslinking of the pre-ceramic to produce a greenbody. The crosslinking occurs in 
three separate phases. 
 
I. Initiation – Generation of allyl derived free radicals  
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II. Propagation – Free radicals attach to other local allyl groups and the products 
‘agglomerate’ into new larger free radicals. 
 
 
 
 
 
 
 
 
 
 
 
III. Termination – The last of the free radical s bond forming stable products, and the 
reaction is completed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. Pyrolysis cycles to convert hardened polymer into ceramics 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It should be noted that even though the SiC formed has a 1:1 stoichiometric ratio but the material 
does not have a 100% volume conversion. The low fire pyrolysis (vitrification) process retains 
85-90% of the resins initial volume. During high fire pyrolysis (crystallization) if not 
reinfiltrated this figure drops to ~45-60%.  
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3.4 Fibre Types and Selection: 
Many types and grades of fibre reinforcement exist to cater for the multitude of applications in 
different environments, loading conditions and service lives. The leading producers of fibers 
globally include Cytec, Hexcel, Nippon Graphite Fiber Corporation, Mitsubishi Rayon, Toho 
Tenax, Toray Carbon Fiber and Zoltek.  
 
3.4.1 Fibre Strength Comparison: 
Figure 10 gives a comparison of strength vs strain properties of various commercial products. 
Figure 11 shows the developments of Torayca fibers, the most prevalent and leading  
supplier in the commercial aerospace sector.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Stress-Strain Curves for Common Engineering Fibres 
 
The T300 fibre was selected for research. The focus of the research was to optimise the methods 
of production of ZrB2-ZrSi2–SiC and compare it against the standard SiC system. Any positive 
gains from matrix-fibre interface interaction with the T-300 fibre would be amplified with a more 
advanced fibre.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3: Characteristics and Common Applications of 
Toray Carbon Fibre Types 
 
The full properties of T300 can be found 
attached in Appendix XX 
 
Product Characteristics Key applications 
T1100G High strength and high modulus Primary aircraft structure, launch rocket, sports 
T1000G High strength and medium modulus Launch rocket, sports 
T800S High strength and medium modulus Primary aircraft structure, sports 
T700S High strength and standard modulus Primary aircraft structure, general industrial, sports 
T300 Standard modulus Secondary aircraft structure, general industrial, sports 
 
Figure 11: Evolution of Torayca Engineering Fibres 
 
The full properties of T300 can be found 
attached in Appendix XX 
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3.5 Production, Infiltration & Coating Methods:  
The beneficial high temperature properties of the refractory elements also significantly increase 
the difficulty in manufacture and processing parts. Various sintering techniques are outlined and 
compared below. 
 
3.5.1 Sintering Densification Mechanisms: 
The driving for is the reduction in total surface area, expressed as 𝛾𝐴 where 𝛾 is the specific 
surface energy and A is the total surface area of the product.  
 
Δ(𝛾𝐴) = Δ𝛾𝐴 + 𝛾Δ𝐴 
 
The specific surface energy is reduced by the replacement of solid/vapour interfaces in a solid-
state reaction. The specific surface area provides the other surface energy reduction. For 
maximum densification of the sintered material coarsening must also be minimised. (Zhu, 2008) 
 
Six mechanisms are identified in the sintering process for polycrystalline materials: 
 
 
1. Surface Diffusion 
2. Lattice Diffusion 
3. Vapor Transport 
4. Grain Boundary Diffusion 
5. Lattice Diffusion 
6. Plastic Flow 
 
 
 
 
Mechanisms (1-3) initiate neck and grain growth by surface mass transport. These are referred to 
the non-densifying mechanisms. Mechanisms 4,5 facilitate mass transport from the boundaries to 
the necks. This decreases the interparticle spacing and produces neck growth. These processes are 
considered densifying mechanisms. Mechanism 6 can also cause densification but requires the 
dislocation motion, which is relatively inhibited in ceramic powders. This can be overcome with 
the use of pressure-assisted sintering or hot pressing. The success of the process is dependent on 
the flux of atoms caused by gradients in chemical potential. The strong covalent bonds, low lattice 
diffusion and low grain boundary diffusion characteristics innate in ZrB2 all contribute to poor 
sinterability. ZrB2 has a pervasive surface layer of oxide impurity.   
 
With exposure to air the favoured reaction is as follows: 
 
2𝑍𝑟𝐵2 + 5𝑂2(𝑔) = 2𝑍𝑟𝑂2 + 2𝐵2𝑂3 
 
In moist conditions at temperatures between 1300 - 1700°𝐶 the presence of liquid causes 
accelerated diffusion along particle surfaces which contributes to further coarsening.  
 
3.5.1.1 Sintering with Secondary Phase Inclusions 
The free energy difference is given by: 
 
Δ𝐺 = 𝛾𝑉 (
1
𝑟1
+
1
𝑟2
) 
 
Figure 12: Six mechanisms that contribute to the sintering of a consolidated mass of crystalline particles (Zhu, 2008) 
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This shows that the driving force is dependent on the boundary energy and curvature. In this case 
the Zener pinning will be prominant. The Zener model is incomplete since particle inclusions are 
free to move along with boundaries, move along with boundaries or remain immobile. Residual 
Carbon has been shown to agglomerate at temperatures above 2100°C. Combinations of C and 
B4C inclusions were shown to be beneficial to densification. 
 
3.5.1.2 Conventional Sintering 
For maximum densification vacuum or non-oxidative atmospheres at or above 2000°C coupled 
with high pressures were used to initiate densification. Additions such as MoSi2 have been shown 
to improve sinterability for the following reasons: 
 
1. Acting as secondary phase inclusions to pin grain growth 
2. Fill voids in the porous ZrB2 skeleton due to increased MoSi2 ductility at high temperature 
3. Assists in particle rearrangement in initial stages of densification 
4. Surface silica forms liquid phases when reacting with surface oxide layers 
 
3.5.2 Monolithic Production Methods & Efficiency of Sintering 
The following methods concern the production of sintered monolithic ZrB2-ZrSi2 pellets to 
then compare with how the ZrB2-ZrSi2 system behaves within a composite lamina. 
 
Solid state sintering in the presence of carbon or carbides (B4C, WC) occurs with full 
densification at temperatures between 1850 and 1950 °C. The produced materials have resultant 
strengths of 600MPa at 1500°C.  
 
Liquid phase sintering in the presence of refractory metals or nitrides sinters at temperatures lower 
than 1850°C. Metallic phases, Si-O-based amorphous phases and silicides are found along the 
grain boundaries. Transient liquid phase sintering with the use of silicides MeSi2 (Me = Zr, Mo, 
Ta, W) occurs at temperatures 1700-1900 °C. The use of ZrSi2 has been shown to further reduce 
the minimum temperature to 1550°C. 
 
Monolithic diborides exhibit a poor ablative and oxidative response. A solution is to introduce 
reinforcing fibres as a toughened phase. Three dimensional woven composites forego the threat of 
delamination that two-dimensional composites incur.  Both carbon and SiC fibres are commonly 
selected.  
 
3.5.2.1 Pressureless Sintering (PS) 
To enable productive sintering, additives must be added to improve sinterability. Atmospheric 
control is required to remove the oxides contained within the carbide or boride powders prior to 
sintering. Close to theoretical densities can be achieved when appropriate mixtures are achieved. 
However higher temperatures of above 1900°C are often required to achieve near theoretical 
densities for ceramics like ZrB2 (Fahrenholtz, 2012). 
 
3.5.2.2 Selective Laser Sintering 
High level densification cannot be achieved only 95-99%. A CAD file is produced and exported 
as a .stl file. A thin layer of powder or liquid material is deposited on a bed before the path 
explicitly described by the .stl file is executed. SLS is achieved through the process of atomic 
diffusion as the laser runs over the powders. Each time a new layer is formed the platform lowers 
by a predefined layer step effecting the smoothness of the final product (Fahrenholtz, 2012). 
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3.5.2.3 Hot Isostatic Pressing (HIP) 
Entails the concurrent application of heat and pressure to further enable the sintering and 
densification of UHTCs. Hence the speed and temperature of densification can be reduced due to 
the increased pressure. The faster rate of densification lends itself to retaining a reduced grain size 
hence improving high temperature mechanical and thermal properties.  
 
Non-densifying mechanisms are significantly enhanced with the application of increased pressure. 
This pressure initiates grain boundary sliding and porosity filling plastic deformation. HP 
typically promotes the densification of ZrB2 at temperatures lower than rapid grain growth temps. 
Metallic additives that form liquid phases at high temperatures have been discovered. A study by 
Monteverde et al showed that a ~100% dense ZrB2-TiB2-N system could be produced at 1600°C. 
The addition of metallic Ni promotes improved mass transfer mechanisms due to the formation of 
liquid phases. Similarly, the use of Si3N4 improved the sinterability of ZrB2 ceramics 
(Monteverde, 2002). Near theoretical densities were achieved. It was suggested by both 
Monteverde and Bellosi that the densification rate of ZrB2 powders was closely linked to the 
Boron activity. The following two mechanisms were found to promote densification in the HP 
process.  
 
1. Formation of liquid phases to facilitate GB sliding and plastic deformation with enhanced 
dissolution-reprecipitation 
2. Removal of oxygen impurities using reducing agents. 
 
3.5.2.4 Flash Sintering (FS/FAS) 
A recent technique first reported in 2010 for a sample of Zirconia. Flash sintering is a particularly 
energy efficient and rapid technique involving electrical joule heating. The process works by 
tailoring parameters such as electric field magnitudes, electrode materials, current densities with 
microstructures. The process is patented to occur on a timescale of between 1e-5 – 0.1 seconds.  
 
3.5.2.5 Spark Plasma Sintering (SPS) 
This technique introduces an alternating electrical current as the UHTC is hot pressed. This 
further reduces the time required to sinter. Currently, both SPS and hot pressing techniques 
provide limited shaped design. The process is equivalent to hot pressing with the addition of a 
current which is pulsed through the graphite die and powder compact (if conductive).  
 
 
 
 
 
 
 
 
 
This current allows for the activation of sintering kinetics. In all cases faster heating, lower 
sintering temps and shorter dwell times have been observed in comparison to HP or pressureless 
sintering. Two pathways for rapid densification have been identified: 
 
1. The formation of liquid phases 
2. Activation of densification from associated electrical discharges 
Faster heating rates (150°C/min) have been shown to shrink the grain size. SPS remains 
uneconomical on a commercial scale and is unfeasible for anything but small parts. 
Figure 13: Schematic of SPS apparatus (Fahrenholtz, 2014) 
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3.5.2.6 Flash Spark Plasma Sintering (FSPS) 
Combines the benefits of SPS and FS techniques by introducing high pressures to the FS process. 
The environmental conditions of ac sample are changed until the sample becomes adequately 
conductive. When current is allowed to flow through the sample a thermal runaway occurs due to 
self-Joule heating.  
 
3.5.2.7: Recent Improvements and Conjecture in Flash Sintering 
Developments in sintering technologies in the 90’s has shown a transition from HP technologies 
to SPS with over 3000 furnaces worldwide. This transition can be attributed to the ability of SPS 
to fabricate nanostructured and metastable bulk materials. Flash sintering (FS) is considered an 
ECAS technique.  
 
Raj defines FS as a method of sintering a material comprising simultaneously exposing the 
material to an electric field and to heat, such that the material is sintered, wherein the electrical 
field is between 7.5 V/cm and 1000 V/cm, wherein the onset of sintering is accompanied by a 
power dissipation between 10 to 1000 mWmm−3, wherein the onset of sintering is accompanied 
by a non-linear increase in the conductivity of the material, and wherein the time between the 
onset of sintering and the completion of sintering is less than one minute.’ 
 
In the FS process a ‘flash event’ occurs when a critical combination of temperature and electric 
field is reached. After this event the material appears fully densified. Even newer developments 
include the introduction of ultrafast ECAS (Olevsky E, 2013) based on capacitor discharge that 
lasts for less than 0.1 seconds with uniaxial pressures in excess of 1GPa.  
The preparation of green bodies is similar to other pressing techniques. However, considerations 
for the material to sustain the maximum pressures of the process limit the minimum size of the 
produced pieces (3-5kN support forces). For normal flash sintering requires a degree of pre-
heating, graphite foils or thin moulds are incorporated to achieve this.  
 
The main flash sintering mechanisms are as follows: 
 
1. Rapid bulk Joule heating with heat localisation  
2. Nucleation of Frenkel Pairs 
3. Ionic materials will nucleate in vacancy-interstitial pairs under application of the electrical 
field. A vacancy and an interstitial form at the same time. Here the vacancies are drawn to 
grain boundaries and the interstitials to the pores, promoting densification. (Raj, 2013) 
4. Electrochemical reduction effects 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14: Different FS setups. c) commercial SPS machine d) contactless mode, plasma used to carry current e) 
setup developed at Rutgers University 
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3.5.3 Composite Production Methods 
3.5.3.1 Precursor Infiltration and Pyrolysis 
A method for the formation of a composite by infiltrating a porous structure (ionically conductive) 
with a solution of a precursor (electrically conductive) to allow a particulate layer to form within 
the porous structure. The solution usually consists of a metal salt and a surfactant solution. This 
concentrated solution forms in the around the porous structure creating a composite. A heat 
treatment process is required to decompose the remaining metal salt. A particulate layer remains 
sometimes forming a continuous network. (Walter Krenkel, 2013) 
 
3.5.3.2 Slurry Infiltration and Pyrolysis 
Aqueous and organic slurries can be used in pressureless and hot pressing methods. Using 
pyrolytic carbon disposition powder slurries of ZrB2, SiC, HfC, and TaC were suspended in a Cf 
preform Tang (2016). Testing of these samples determined that SiC containing preforms had the 
lowest erosion depth at temperatures of ~1800°C. At elevated temperatures ~2700°𝐶 additions of 
ZrB2 were more effective. Combinations of RMI and slurry PIP can be used to further decrease 
porosity and increase strength and degree of infiltration.  
 
3.5.3.3 Precursor Infiltration & Pyrolysis (PIP) 
The process entails inserting a precursor into a fibrous preform followed by pyrolysis. If the 
precursor is polymeric the process is called PIP. Porosity of the sample will be determined by the 
number of infiltration cycles. The number of cycles to achieve a given porosity can be reduced by 
ceramic yield of the precursor. A mixture of Zirconium Butoxide and divinyl benzene has been 
shown as an appropriate precursor for the production of ZrC. Similarly, to obtain a SiC- ZrB2 
matrix a combination of colloidal silica, boric acid, zirconium oxychloride, and sucrose can be 
used. (Guo, 2008) 
 
3.5.3.4 Plasma or Vapour Deposition  
Are used in surface layer coatings where UHTCs can be directly applied as films on a foreign 
object. Plasma disposition shoots the melted now plasma material onto a substrate at high 
velocity. The process is generally results in a high number of defects which can aid in high 
temperature performance. Alternatively, chemical vapour deposition (CVD) uses the reaction of 
gases to directly apply the UHTC. This layer exhibits a low number of defects and is much denser. 
This improves the UHTCs oxidation and corrosion resistance. (Fahrenholtz, 2013). 
 
3.5.3.5 UHTC Coatings 
A coating with good adhesion is another option for high temperature application. Whereby the 
fibres are immersed and implanted into a mould prior to curing. However, the potential of CTE 
mismatch must be alleviated for resistance to spallation and oxygen diffusion. ZrB2-SiC for CC 
composites have been found to be stable to temperatures of up to 1500°C  
 
3.6 Testing & Application:  
3.6.1 Common Mechanical Testing and Characterisation of Composite Parts 
3.6.1.1 Surface Analysis 
Conventional furnaces are unable to reach sufficient temperatures. In this case induction, arc and 
plasma furnaces or focussed energy equipment can be used (Cotton, 2010). To observe surface 
chemical species or the effects of oxidation in real time sample analysis techniques such as 
secondary ion mass spectrometry (SIMS) or X-ray photoelectron spectroscopy (XPS) can be used. 
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3.6.1.2 Oxyacetylene Testing 
A very simple process that produces a flame with temperatures in excess of 3000°C. Materials can 
be identified by what is known as the Oxyacetalene torch test. Materials are characterised by the 
rate of melting, appearance of molten slags, and discoloration. This method is most appropriate 
for a rapid screening process of viable UHTCs. 
 
An oxygen rich flame with an Acetylene : Oxygen ratio of 1:1.35. the samples were exposed to 
this temperature for 30 to 360 seconds. The temperature was recorded using a 2-color pyrometer 
and the distribution with an infra-red thermal-imaging camera. A natural density IR filter was 
used to the camera was able to record temperatures of up to 2800°C.  
 
 
 
 
 
 
 
 
 
 
 
 
 
3.6.1.3 3pt Bending Flexural Strength Test: 
When choosing between 3 and 4-pt testing comparison to literature and the effect of the process 
on the material should be considered. In 4 points bending the area between the two top point 
experiences pure bending and is constant and equal between the noses. Outside of this region the 
sample undergoes bending with shear. Small bending moments increase crack motion. 4 point 
bending tests when applied to composites will reduce the likelihood of premature failure by more 
evenly distributing the force whereas a 3 point test will have high local stresses around the one 
point.  
3.6.1.4 X-Ray Diffraction (XRD) 
The composition of the powder can be determined using a XRD powder diffractometer. The 
testing process outputs a composition breakdown pattern. By analysing these patterns and 
matching peaks to the corresponding peaks in the materials database the exact composition of the 
sample material can be determined. After treatment of the data the phases present in ZrB2-ZrSi2 
may also be noted. (Roland, 2017) 
 
 
Figure 15: Oxyacetylene test set-up Loughborough University (1) back face thermocouple, (2) water cooling system, 
(3) sample holder, (4) sample, (5) sample guide, (6) protective insulation, (7) oxyacetylene torch, (8) neutral density 
filter, (9) thermal imaging camera and (10) two-color pyrometer. 
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3.6.1.5 Oxidation Testing 
Consider the Mo-Si-B system where there is a constant trade-off for the percentages. Increased Si 
content increases oxidation resistance to the detriment of fracture toughness. Increased metal 
additives improve toughness at the detriment of oxidation resistance. By analysing the phase diagram 
this can be overcome by destabilising the A15 Phase. The substitution of Mo or W achieves this. W 
was not found to significantly reduce oxidation resistance at temperatures up to 1400°C.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.6.1.6 Interaction Of Additive Compounds With ZrB2 
In dry air at temperatures below 1000°C a scale of ZrO2 and B2O3 is formed. Diffusion of oxygen 
through this surface layer limits oxidation until temperatures exceed 1500 degrees where only a 
non-protective ZrO2 layer remains. Knudsen states that boria is lost through evaporation where the 
oxidation rate is limited by the Knudsen diffusion of molecular oxygen through the ZrO2 capillaries.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Zhang demonstrated that with the addition of WC, a W-containing oxide phase was formed. 
Additionally, the large volume expansion in the reaction of W to WO3 filled voids present in the 
porous ZrO2 layer.  
 
At temperatures above 2000°C a porous ZrO2 and no silica glass will form. Han suggests that a 
dense coherent layer formed preventing catastrophic failure. Failure was expected to occur at the 
interface between ZrO2 and ZrB2, a SiC depleted region is also present. To control the effects of 
oxidation of ZrB2 the following mechanisms have been studied.  
 
1. Tuning viscosity of borosilicate glass using TaSi2 improves oxidation resistance in a 
limited temperature range (Opila, 2004) 
Figure 16: SEM of ZrB2-20%SiC after oxidation 
at 1627°𝐶 for 10min (Ouyang, 2016) 
 
Figure 17: Mechanism for ZrO2 transport (Ouyang, 2016)  
 
Figure 18:  Structural changes of the ZrB2 surface in three separate regimes (Zhu, 2008) 
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2. Inhibiting ZrO2 polymorphic transformation (Ta addition). Increase of oxidation resistance 
in temperature range 1000-1500°C (Talmy, 2006). Liquid phase formation of Ta2O5 occurs 
at 1927°C.  
3. Substitution of SiC with other silicides such as Ta5Si3 
4. Introduction of a high temperature protective refractory phase LaB6 improves oxidation 
resistance at ultra-high temperatures above 2400°C. 
5. Decrease the porosity of ZrO2 by liquid sintering 
 
Additions of AlN have been investigated by Monteverde & Han. Al2O3 (2050°C) and Mullite 
(1850°C) were found to form. Both these phases show a promising potential as protective scales 
both having higher melting points than SiO2 1700°C. Urbain found that with the addition of AlN 
the viscoisty of the SiO2 layer decreased allowing for greater surface coverage and protection of 
the base material. The ZrB2-30%SiC-10%AlN showed the most favourable properties. This was 
achieved by a fine tuning of the SiO2 liquid phase with AlN whilst maintaining sufficient Si to 
create the initial SiO2 oxide layer. AlN additions of greater than 5-10% resulted in the excessive 
dissolution of ZrO2 into the thick scale. Similarly, high additions of SiC were found to increase 
interconnectivity and active oxidation leading to unfavourable sub surface porosity and rapid 
permeability of oxygen.  
 
 
 
 
 
 
 
 
 
 
 
 
 
3.6.1.7 Oxidation Behaviour with additions of Silicon 
Rezaie demonstrated additions of 20-30% of SiC have improved oxidation resistance up to 1500°C 
However, Han et al. showed 20% SiC additions to be the most beneficial. Additions of 10% were 
insufficient to produce the protective layer and additions around 30% caused cracking and spalling 
in the oxide scale. Additions of transitional metal diborides TiB2, TaB2 or NbB2 improved oxidation 
resistance due to oxidation spawned metal oxides immiscibly mixing with the borosilicate glass. 
Peng suggests that additions of Ta may decrease porosity in the subsurface layer.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20: Comparison of cross-section 
microstructures laser tested at 44 MW (Ouyang, 2016) 
 
Figure 19: Comparison of C/C UHTC composites 
after 60s of oxyacetylene testing (Ouyang, 2016)
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3.6.1.8 Laser Flash 457    
Laser Flash 457 machines were used to find the thermal conductivity (𝜅) for the ZrB2-ZrSi2. 
Outputs high accuracy values for thermal diffusivity (D) from these values when the density (𝜌)  
and specific heat (𝐶𝑝)  of the specimen is known thermal conductivity (𝜅)  can be calculated. 
𝜅 = 𝜌 × 𝐷 × 𝐶𝑝 
The sample is contained in a vacuum to prevent oxidation during the heating cycle. Heat is 
transferred through lattice vibration. The particles act similarly to waves as when they are similar 
sizes they will resonate. The process is based on three main assumptions: The sample is thin, 
homogeneous and temperature is adequately regulated. The sample is struck by a laser and the 
temperature that flows through the sample is taken by a IR detector (Fig 4). This signal is 
processed manually through a filter before being logged on the computer application.  
 
𝜅 = 𝜅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 + 𝜅𝑙𝑎𝑡𝑡𝑖𝑐𝑒  where 𝜅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 = 𝐿𝜎𝑇 & 𝐿 = 2.45 × 10
−8 (Constant)  
 
By minimising electrical conductivity (𝜎), thermal conductivity can be minimised.  
Alternatively, the lattice parameters can be altered by introducing nanostructures and distorted 
regions. (Roland, 2017) 
3.6.1.9 SEM/TEM (JEM-2100 Electron Microscope) 
Scanning electron microscopes are a mature technology used to take pictures of structures too 
small to capture using an optical microscope. Both SEM and TEM achieve higher resolutions than 
optical microscopes, but several advantages and disadvantages determine the optimal applications 
of each. Both systems direct a stream of electrons to the surface of the sample using magnetic 
lenses. SEM records the intensity and angle of the returned beam whereas TEM uses the scattered 
electrons collected after passing through the sample. Due to the beam needing to pass through the 
sample, the thickness must be significantly reduced when compared to the SEM. SEM is better at 
analysing the surface of the material whereas TEM can show more detail of the internal structure. 
Figure 1 compares the differing set-ups of the two methods. Notice that the TEM has an objective 
lens in place of an additional condenser lens. (Roland, 2017) 
 
Figure 21: SEM Figure 22: LFA Laser Flash 457 
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3.6.2 Ultra High Temperature Heat Transfer Behaviour  
The mechanisms of heat transport have a direct impact on the interaction between the furnace, 
each individual part and the sample holders. It can be observed at low temperatures convection 
dominates where a cool flow of Argon acts as the heat transport conduit. When temperatures 
approach 1050°C a transition from convection dominated to radiation dominated heat transport 
occurs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Where 𝜖: 0.75, h = 100 (Forced convection - Argon flow (ESA, 2017)), ZrB2(λ): 30W/m.K 
 
 
 
4.6.3 Process of Ablation 
Heat from the boundary layer transfers convectively, towards the surface radiant flux from the 
shock layer further contributes to increased surface temperature. The heat may also be re-radiated. 
The polymer component of the composite will start to decompose where pyrolysis gases will start 
to form. All that remains is Carbon which will begin to produce a charred layer. The thermal front 
will continue to move through the material causing further decomposition. The pyrolysis gases 
that formed deeper within the material with a reduced temperature, will cool the char as they pass 
through. The char reacts further with the boundary layer causing sublimation and oxidation. This 
begins by removing the base material in a process called recession. Pyrolysis gases which flow 
into the boundary layer will thicken and reduce the convective heating. (Beck, 2013) 
 
To model this phenomenon the following parameters must be considered: Surface recession, 
surface temperature, bondline temperature, char thickness/char depth, in-depth temperatures. 
 
3.6.4 Methods to Develop for Hypersonic Applications of a UHTC Composite:  
3.6.4.1 Arc Jet Testing 
Common practise of AMES and other space programs. The device consists of gases that are 
heated and expanded to very high temperatures and hypersonic speeds by a continuous electrical 
arc between multiple sets of electrodes. This gas is then directed via a nozzle to the test sample in 
vacuum. This method can reasonably replicate the effects of high velocity travel such as in re-
entry or hypersonic aircraft. (NASA, 2013) 
T (°𝐶) 850 1050 1600 
Radiation (W/m^2) 67,633.73 130,281.78 523,353.86 
Convection (W/m^2) 109,300.00 129,300.00 184,300.00 
Conduction (W/m^2) 100,000.00 100,000.00 100,000.00 
 
Table 4: Comparison of Dominant Heat Transport Mechanisms at Low Pyrolysis, 
Crossover and High Pyrolysis Temperatures 
 
 
Figure 23: Relative Effectiveness of Heat Loss Mechanisms  
 
𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛:
𝑄
𝐴
 =  𝜖𝜎𝑇4 
𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛:
𝑄
𝐴
=  −𝑘
𝑑𝑇
𝑑𝑥
 
𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛:
𝑄
𝐴
= ℎ(𝑇𝑠 − 𝑇𝑓) 
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 3.6.4.2 Re-entry Testing (SHARP-1/2, SHARK) 
Consisted of applying strakes of different UHTC materials to a re-entry vehicle to destructively 
test the samples in a real re-entry environment. These strakes were exposed during re-entry before 
being retracted into protective housing.  
 
4 Mechanical Properties 
4.1 Crystal Structures  
ZrB2 contains a AlB2 structure where close-packed Zr layers will couple with graphite like B 
layers in an ABAB sequence. Bonding in the basal plane is provided by B-B bonds (Boron layer) 
& Zr-Zr bonds (Metal layer). Cohesive forces in the c-direction are exclusively Zr-B. This 
combination of metallic, covalent and ionic bonding contributes to the stability of ZrB2. The 
material exhibits anisotropic behaviour with varying strengths dependent on the plane direction. 
However, the structure displays isotropic thermal expansion.  
 
4.2 Strength 
Ceramics will exhibit strengths lower than the theoretical maximum in accordance with the 
Griffith equation. Strength can be improved by addressing flaws created in the processing or 
machining phases. Monolithic ZrB2 shows a low strength attributed to porosity and large grains 
(350MPa at 87% theoretical density from hot pressing). Compare this to ZrB2 with additions of 
AlN and Si3N4 where substantial increase in strength is observed.  600MPa was observed with a 
5% addition of Si3N4. (Monteverde, 2003). Additions of 15% MoSi2 (SPS) 700MPa.  
Rice outlines that a relationship for the strength of ceramics can be given as: 
 
𝜎 = 𝜎0exp (−𝑏𝑃) 
 
Where 𝜎 is the strength of the specimen at Porosity P, 𝜎0 is the strength of the specimen without 
porosity, b is a constant depending on the pore structure and material composition. The two main 
mechanisms of strength reduction at high temperatures is given as the presence of oxygen 
containing secondary phases. Thereby strength retention at high temperatures has been attributed 
to the absence of thermally unstable secondary grain boundary phases.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.3 Elastic Modulus 
Dynamic elastic modulus in a ceramic composite is commonly found by impulse excitation of 
vibration ATSM C1259-01. Chamberlain et al showed a modulus of 489GPa for HP ZrB2 with 
99.8% theoretical density, this is similar to the single crystal strength of 500GPa. For a ceramic 
body containing a low concentration of spherical pores, the McKenzie solution is given by: 
Figure 23: Strength vs Temperature for HfB2 and ZrB2  
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𝐸 = 𝐸0(1 − 𝐴𝑃 + 𝐵𝑃
2) 
 
Where 𝐸0 is the elastic modulus of the dense material, P is the porosity and A/B are constants.  
 
4.4 Hardness 
The Vickers Hardness is calculated by the division of the load by the square mm area of 
indention. Given by the following equation: 
 
𝐻𝑉 =
2𝐹𝑠𝑖𝑛 (
136
2 )
𝑑2
  
 
Where HV is the Vickers hardness (GPa), F is the load (N), d is the arithmetic mean of two 
diagonals (mm). The single crystal hardness of ZrB2 was reported by Xuan to be 20.9GPa with a 
200g loading. Chamberlain demonstrated HP ZrB2 had a hardness of 23GPa under an equivalent 
load. Rice suggests that measured hardness can be lower than the single crystal value in 
polycrystalline structures comprised of intermediate grain sizes. This is attributed to the presence 
of residual stresses.  
 
4.5 Fracture Toughness 
Most commonly undertaken using direct crack measurements (DCM). The equation developed for 
calculation of fracture toughness in ceramics is given as: 
𝐾𝑙𝑐 = 𝜁 (
𝐸
𝐻
)
1
2
(
𝑝
𝑐
3
2
) 
 
Where 𝐾𝑙𝑐 is the fracture toughness (𝑀𝑃𝑎.𝑚
1/2), H = hardness (GPa), E = Young’s Modulus 
(GPa), P = load (N), c = crack length (m), and 𝜁 is a dimensionless constant ranging from 0.016 
± 0.004 determined experimentally.  
 
A summary of fracture toughness from various researchers is given below. 
 
 
 
 
 
 
 
 
A comparison to pre-existing aerospace and construction materials is given below. 
 
 
 
 
 
 
 
 
 
Further analysis and comparison of mechanical properties is provided in Sections 11.5.
Table 5: Summary of published ZrB2 fracture toughnesses in literature 
 
Table 6: Comparison of fracture toughnesses between monolithic UHTCs vs construction materials 
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Part 2: Procurement/Planning 
 
Chapter 5     
Current Progress    
 
Chapter 6 
Project Plan 
 
Chapter 7 
Risk Management Plan 
 
 
 
 
 
 
An outline of advances, opportunities, current 
capabilities and acquired resources/equipment 
Work packages detailing processes for all 
intended experiments with an emphasis on 
operating conditions and resource intensity  
Analysis of both current and future processes to 
reduce and mitigate risks.  
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Chapter 5: Procurement Plan 
5:  Current Progress:  
5.1 Progress Summary: 
The following points identify key milestones achieved over the duration of research: 
 
• Completion of a project proposal identifying the scope, objectives and deliverables 
required for the project. Compiling a list of equipment and technological capability. 
During early research NASA’s flagship UHTC research programs were analyzed namely 
AME, SHARP-1, SHARP-2 and SHARK along with recent developments of the Zr and Hf 
systems which were identified for their superior high temperature performance over 
traditional C/C – SiC materials.  
• Separation of potential processes into ‘safe bets’ and ‘ambitious’. Several of each were 
chosen and focused on. 
• Compilation of these processes was undertaken into a composites cookbook (App A & B) 
• Application of a UHTC composite was identified for the mining industry in the aluminum 
smelting process. Lines of communication were opened with associated design engineers. 
• Graphs were constructed comparing mechanical and physical properties of all materials 
encountered to aid in the justification of selected materials. 
• Selection of sizes, temperature ranges and metrics for use in all equipment were made.  
• Testing methods and sizings of specimen were selected. 100x100mm plates are to be 
produced with sample areas appropriate to 3-point bending, oxidation and mechanical 
strength and impact testing and outlined on a mock-up sheet. 
• Competencies were developed via lab induction in the processes of resin mixing, furnace 
operation, hand lamination, vacuum bagging and curing, prepreg and lay-up and pyrolysis, 
mechanical testing, LFA diffusivity machines, oxidation testing. 
 
5.2 Goals & Opportunities: 
• Advantages of perfecting a pressureless sintering method that results in decent 
densification of the final product.  
• Effective sintering aids promoting liquid phase densification and allowing for the 
production of dense UHTCCs at significantly reduced temperatures. 
• Passivation of samples through the formation of stable oxide films of sufficient thickness 
• Interaction between Zr and SMP10 derived SiC phases promotes flexural strength  
5.3 Future Research: 
• Importance of sintering aids identified, research into silicides, Nb, Mo, Ta and W were 
undertaken. Limitations of the furnace and requirements of ZrB2 made lowering the 
densification temperature a priority. 
• Characterization through SEM and TEM. Weak spots and microstructural behavior is to be 
identified 
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5.4 Justification of Project Scope, Material & Process Selections: 
The following three graphs summarise multiple elements, nitrides, carbides, borides, oxides and 
composite materials. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24 demonstrates that carbides show the highest melting temperatures but diborides quickly 
become more competitive when comparing thermal conductivity and tensile strength values 
(Figure 25 & Figure 26), with ZrB2 exhibiting the highest values of all the compounds. Graphene 
possesses the best thermal properties but displays acute weakness that limit its application to a 
additive material to potentially improve thermal properties in a boride of carbide based composite 
structure. Both Tungsten and Tantalum could be considered for strength increasing additions. 
However simply looking at materials in isolation may not have the best effect, oxides and 
intermetallics formed at higher temperatures must also be considered as seen in detail through 
Sections 11.4, 11.6 and 11.7. 
 
Figure 24: Melting temperature material comparison 
Figure 25: Thermal conductivity material comparison 
 
Figure 26: Tensile strength material comparison 
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6: Project Plan 
6.1 Shortlisted Material Suppliers 
Suppliers have been listed with their respective country of origin. 
• Treibacher Industries AG - Austria 
• H.C. Starck Surface Technology & 
Ceramic Powders - Germany 
• Fuji Electric - Japan 
• Sigma Aldrich – United States 
• Molekula – United Kingdom 
• Toray - Japan 
• American Elements – United States 
 
6.2 Estimated Cost of Powders 
 
ZrB2 99% (5um) -   $298 /100g (US research Nanomaterial) 
ZrSi2 99% (5um) -   $250- $348 /100g (Fisherscientific) 
B2O3 98% (5um) -   $130 /250g (Sigma Aldrich, 2017) 
SiO2 99% (20-30nm) -  $56 /100g (US research Nanomaterial) 
 
The Zirconium based powders are the cost limited material, but still comparatively priced to SiC. 
 
Initial amount to be quoted: 500g for each main powder 
Desired plate sample sizes: 100mm×100mm×3mm 
 
ZrB2 powders typically take very high temperatures (>2100°𝐶) or very high pressures to achieve 
full densification. With the addition of 𝑀𝑜𝑆𝑖2 full densification was achieved at 1850°𝐶 using 
pressureless sintering. silicides look to be the most useful sintering aid. In work by Guo and 
Kagawa a fully dense ZrB2-ZrSi2 sample was achieved at 1600°𝐶.  
6.3 Proposed Initial Process 
6.3.1 Components: 
 
ZrB2 Powder containing 1.6wt% B2O3: Size - <2.1𝜇m 
ZrSi2 Powder containing 1.4wt% SiO2: Size - <2.5𝜇𝑚 
Ethanol solution, metallic sieve (60-mesh), high energy ball mill, isostatic press 
 
6.3.2 Initial Procedure: 
1. Compositions of ZrB2 - (10-30wt%) ZrSi2 are mixed to compare the contribution of ZrSi2 
to densification.  
2. The mixtures are wet-mixed in using ethanol & SiC milling media for 24 hours.  
3. The slurries are dried. 
4. The dried slurries are filtered through a 60 mesh screen. 
5. The filtered slurries are isostatically cold pressed at 350MPa into pellets. 
6. The pellets are pressureless sintered in a graphite crucible at 1650°C for 60 minutes under 
a vacuum of 7.0 × 10-3 Pa. 
7. A heating rate of 30°C min-1 is used. 
8. Densities are calculated using Archimedes principle with distilled water. 
 
Gao et al. determined that for compositions greater than 20wt % ZrSi2 99% densification is 
achieved. The SiO2 and B2O3 were found to react and produce an intergranular liquid phase at 
1500°C, this liquid phase is a key mechanism of densification.  
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This procedure should be replicated to reinforce results. Subsequently PIP and RMI will be used 
to infiltrate the slurry into a C/C-SiC matrix. Comparison with hot pressing results by O.N. 
Grigoriev could be made when higher levels of ZrSi2 are used to promote densification.  
 
Table 7: Mechanical properties of ZrB2-ZrSi2 composites pressureless-sintered at 1650°C for 60min 
 
 
Table 8: Thermal properties of ZrB2-ZrSi2 composites pressureless-sintered at 1650°C for 60min 
 
 
 
The aforementioned process has the lowest pressureless sintering temperature that results in 
appropriate densification discovered in literature for 𝑍𝑟𝐵2 containing UHTCs.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 27: Typical examples of backscattered SEM images for the four compositions of ZrB2-ZrSi2 
 
Table 9: Pressureless sintering conditions, grain size, and final densities of ZrB2 & HfB2 based composites 
 
 
The possibility of a plasma furnace being acquired would allow a broader range of processes to 
become possible. Temperatures lower than quoted values would be likely to decrease relative 
density. (Glass, 2011) 
 
(A.K. Tyagi, 2017) 
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6.4: Current Technology/ Proposed Capabilities Available  
 
• Starfire Resin SPR688 and Catalyst Mixture 
• Water Jet Cutting  
• High Pressure Press 
• 3-Point Flexural Strength  
• Tensile and Impact Testing Machines 
• Carbon Fibre Fabrics including T300  
• GCF1700 Atmosphere Furnace 
• Polymerized Ceramics  
(STARFIRE Resins) 
• Pressureless Sintering 
• Precursor Infiltration and Pyrolysis 
• EDS & XRD Analysis 
• Scanning electron microscope (SEM) 
• Flame Spread Testing 
• Plasma Furnace (Up to 2000°C) 
• Arc Melter AM 
• High Energy Ball Milling 
• DCM Technique (Fracture Toughness) 
• Oxyacetylene Test Set-up (Figure 15) 
• Reactive Melt Infiltration 
• Dedicated desiccator for GCF1700 
Furnace 
• High temperature mechanical testing 
 
 
6.5: Timelines & Milestones 
6.5.1 Completed Milestones & Work Packages: 
 
• Completion of current standard CMC production using Starfire resins 
 
- Completion of all relevant OH&S modules and assessments 
 
• Proficiency in hand lamination, resin mixing, vacuum bagging & curing and furnace use 
 
- Processes of each procedure outlined in SOPs contained in Appendix C. 
 
• Procurement of required powders, equipment and materials required for processing 
 
- Order forms were submitted to suppliers 
- Multiple venders were contacted to enable competitive pricing  
- Cost estimations and amounts were verified. 
- 500g was proposed for major additions (ZrB2 & ZrSi2), smaller amounts will be ordered 
for the minor additions of (B2O3 & SiO2) 
- All available equipment was listed. Then process specific equipment was selected and 
‘booked’ for the duration of the experiment (Section 6.5.5) 
 
• Production of initial ZrB2-ZrSi2 samples 
 
- Follow the process outlined in Section 6.3.2 
- Revisions considering the high isostatic pressures may need to be made 
- Adaptions of the process were considered for the ramp rate (30°C min-1), vacuum 
pressure (7.0 × 10-3 Pa), and mesh size. 
- The quality of the samples was evaluated visually inspection and non-invasive testing 
- Testing of the monolithic UHTC will be made in future batch tests 
 
• Adaption of process for slurry infiltration of the C/C matrix 
 
- Fibre tows or a preform are impregnated in a tank containing liquid slurry mixture 
- The slurry consists of the matrix powder, binder and liquid carrier such as ethanol or 
other alcohols. Powder content, particle size distribution, the type and amount of binder, 
and the carrier medium are integral to the final part quality.  
- Slurry produced using 50-50 (SMP-10 with ZrB2 Slurries (20-40% ZrSi2) 
- Low temperature green cure at 200°C, where the slurry is consolidated 
Current 
 
Proposed 
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- Pyrolysis cycles will be carried out at 850°C to produce 𝛼 − 𝑆𝑖𝐶 through pressureless 
sintering at a defined ramp (Section 9.9) 
- Reinfiltration of samples and further low temperature pyrolysis until dense samples were 
obtained.  
- Parts were cut into two and placed into various high temperature environments 
 1. Oxidizing atmosphere @ 1000°C for 12hrs 
 2. Inert Atmosphere @ 1600°C (High Fire Pyrolysis) 
 
• Batch testing of all pyrolyzed samples to determine mechanical properties 
- Bulk density / relative density to be calculated using the Archimedes technique 
- 3-pt bending (Flexural Strength) 
- SBS (Short Beam Shear) 
- SEM analysis (Microstructural Analysis: Measurement of grain sizes, porosity, 
inclusions, intermetallic phases formed) 
 
6.5.3 Plate Dimensions & Layout for Waterjet or Diamond Saw Cutting: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28: Proposed ZrB2-ZrSi2 Plate Dimension and Layout (Uniform Thickness 3mm) 
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6.5.5 Initial Project Timeline: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Where black areas indicate times of unavailability. Red sections are deadlines with no float. Thick border sections are overarching phases of the project. 
 
Delays and issues affecting the initial schedule: 
• Viscosity of Refractory Powder Slurry and Vacuum Bagging ‘Resin Pull’ (Process Modification): 
-Increased viscosity during infiltration required modifications of the wet lay-up process (1-week delay) 
• Sourcing of Refractory ZrB2, ZrSi2 Powders (Unsupplied Domestically) (Financial Red Tape)  
-Miscommunications due to finance department restructuring. (2-week delay) 
• Sourcing of Furnace Thermocouple (Unstocked Part) (1-month delay) 
- Incorrect product description leading to only half of the thermocouple being shipped, caused the furnace to be out of operation for an extended period. 
• Sourcing of Desiccator (Unstocked Part) (3-week delay reduced to 1-week delay) 
- Determination of oxidation accelerating reactions from the Argon gas line lead to the requirement of a moisture trap. Sourcing of an in-line desiccator 
would have taken at least 2 weeks with the part unstocked in the Brisbane region. The part was borrowed from another decommissioned furnace 
allowing the 1600°C high pyrolysis to be completed on time.   
• Sourcing of 3mm rod (Short Beam Shear - D2344), (Unstocked Part) (2-week delay reduced to 2-day delay) 
- Top point for SBS standard went missing. A 3mm drill bit was cut to size as a substitute to a 3mm needle roller to allow for completion of testing. 
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Delays eliminated the time for bonus objectives. Every effort was made to reduce and minimize 
the effect of project delays through rescheduling, substitutes and short-term contingencies. Parts 
were sourced from adjacent labs to avoid order delays or when appropriate manufactured in-
house. This allowed all core objectives to be achieved on time. Modification of infiltration 
processes for slurries, an appropriate number of pyrolysis cycles and characterization of the 
produced materials was achieved on time. 
 
7 Risk Management Plan 
7.1 General Risk Management Strategy 
All material and equipment safety were made in accordance with pre-existing MSDS and SOPs to 
formulate appropriate mitigation strategies and outline potential health, flammability, and 
environmental dangers. The specifics of the new materials will be outlined in chapter 8.1 before a 
review of all pre-existing procedures in light of the new materials is completed in a risk 
management rubric. In addition to fine powders the following safety hazards have been identified: 
resin mixing, furnaces, isostatic pressing, ball milling, hand lamination, vacuum bagging and 
curing, pressure vessels, saws, and other cutting equipment. Care should be taken to remove any 
ignition sources and ensure adequate ventilation is maintained at all times. When working with 
high pressure, high temperature or high-speed products high levels of caution are required.  
 
A full breakdown of the risks and preventative measures required for nanopowders is provided in 
Appendix D. A summary of risk mitigation measures is provided in Section 7.3. 
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Analysis of Technical Risks 
Risk Item / Asset L1 I Cause Existing & Proposed Mitigation Strategies Severity R1 L2  R2 
Fine Powders 2 
5 Ignition 
Ensure extraction speeds of greater than 0.5m/s are maintained, powders are to be stored in sealed containers 
Ensure all ignition sources are isolated or removed, during use of Zr𝐵2 powders extra care must be taken 
Very High 10 1 5 
4 Inhalation 
Use of B2O3 should be limited, ensure extraction speeds of greater than 0.5m/s are maintained, safe clean-up practises must be followed 
The protective shield of the fume hood should be lowered during mixing or handling of powder samples 
High 8 1 4 
Resin Mixing* 2 3 Inhalation 
The protective shield of the fume hood should be lowered during mixing or handling of powder samples, storage at low temperature to prevent 
decomposition, extreme cleanliness at the workplace is of high importance, any spills should be immediately removed 
Moderate 6 1 3 
Furnaces* 
2 4 
Skin Contact 
Insulation Failure 
Thermal gloves and appropriate high temperature equipment is used to prevent burns. Any burns sustained are to be treated immediately. 
Malfunction is to be noted immediately and referred to a supervisor, high temperature items or equipment is to be labelled if left unattended 
High 8 1 5 
2 4 
Overpressure 
Reduced Flowrate 
Safety checks of all valves and screws to ensure that the furnace is adequately sealed and flow rates in and out are all correct. 
Pressures and temperatures are monitored through heating and evacuation cycles 
High 8 1 5 
Isostatic Pressing 2 3 
Pinching, 
Projectiles 
Pressure vessels are to be tested and evaluated for malfunction, all seals and valves are to be checked 
Any long hair or items of clothing are to be secured or tied back in operation of the machines 
Moderate 6 1 3 
Ball Milling 1 5 
Spontaneous 
Combustion 
The use of flammable powders in the ball mill should be avoided, explosive combustion is to be avoided. Appropriate masks should be worn during 
and after milling of powders as fine particulates may permeate in the air, where possible milling should be conducted by a 3rd party 
Moderate 5 1 5 
Hand Lamination* 2 3 Inhalation Refer to the safety sheets of each applicable resin, all lamination is to be undertaken beneath a fume hood with adequate flow rate High 8 1 3 
Vacuum Bagging 
& Curing* 
3 3 Inhalation The same precautions for use of resins apply to vacuum bagging as well, the wet body should exhibit a lower risk High 9 1 3 
4 1 Seal Failure Given the weak vacuum and small vacuum area a low risk is present, loss of seal is non-hazardous, standard furnace procedure is to be followed Low 4 2 2 
Pressure Vessels -
Nitrogen 
2 4 
Overpressure, 
Overheating 
Nitrogen is nontoxic and largely inert. However, if released in large quantities or leaked it can act as an asphyxiate by displacing oxygen.  
When stored in pressurised containers serious injury or death results from rapid release. Care should be taken to ensure all quick release valves are 
functional and adequate flow is maintained from the extractor fans. 
Very High 8 1 4 
Saws and Cutting 
Equipment 
2 5 
Incorrect Usage 
Caught Limb 
Adequate training must be ensured. Operation appraise blades and toolbits should be employed. Where fine particulates or flammability is a risk 
water jet cutting or other dust limitation processes should be introduced. Emergency stop buttons must be ergonomic and visible to operators 
Very High 10 1 5 
Analysis of Project Risks 
Timelines 2 4 
Setbacks 
Scheduling 
Utilisation of appropriate planning procedures (critical path methods, critical chain methods, resource levelling). Use of activity logs, task lists, 
updated Gantt charts and the incorporation of float and contingencies into the schedule. 
High 8 1 4 
Overbudget 2 5 
Poor cost 
estimations 
Ensure the entire inventory of materials and equipment is known for a batch of material. Accurate and efficient use/reuse of expensive materials 
ensures the largest output of densified material. 
Very High 10 1 5 
3rd Party Failures 1.5 4 
Miscommunication 
Discontinued Supply 
Establish an array of suppliers, allowing for competitive costings and alternative options. Exercise tight communication and lay down expectations 
and timelines to build a greater understanding of the needs and requirements of both sides of the transaction. 
Moderate 6 1 4 
HR 
Miscommunication 
2 4 Miscommunication 
Ensure the correct chain of command is followed in the event of accident or incident in the labs or in any aspect of the project. Ensure that the 
required activities remain supervised and the appropriate persons are informed when any equipment or materials are in use. 
High 8 1 4 
Poor Strategy 3 3 
Time Constraints 
Poor Justification 
Allow for the planning and implementation of KPI’s associated with UHTCs. Highlight areas of high efficiency and processes most likely to work. 
Speculate processes that may be less likely for success but more likely to produce outstanding results. 
High 9 1 3 
Legend - L1: Initial Likelihood, R1: Initial Risk, L2: Reduced Likelihood, R2: Reduced Risk, I: Importance / Consequence *SOP’s for the indicated processes are provided in Appendix C 
 
7.3    Risk Management Rubric 
The following section highlights the major risks in both the technical and project scopes. The analysis was undertaken in accordance with AS31000:2009 Risk 
Management – Principles and Guidelines. The success of mitigation strategies is dependent on comprehensive deployment of safety standards and mitigation 
strategies ensuring everyone associated with the risk follows the outlined protocols. 
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Part 3: Synthesis, Processing & Manufacture 
Chapter 8     
Synthesis & As Received 
Properties    
 
Chapter 9 
Manufacturing Processes 
 
Chapter 10 
Testing Procedures 
 
 
 
 
 
 
 
 
 
An outline of the composition of procured 
refractory powders, all materials procured, mixing 
and drying of ZrB2-ZrSi2 systems, production of 
slurries.  
Detailed procedures in the production of monolithic 
and laminate ZrB2-ZrSi2 systems. 
Outline of testing standards and procedure used to 
characterise the ZrB2-ZrSi2 systems.  
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Chapter 8: Synthesis & As Received Properties 
8.1 Materials: 
8.1.1 Ceramic Powders 
-Molekula 1x200g (Zirconium Silicide (ZrSi2) - Product ID: 89967827, CAS: 12039-90-6) 
Total Cost (200g) - £210.00 
Properties: 99% trace metals basis MW: 147.395/mol (Grain Size:1-5𝜇𝑚) 𝜌 =  4.88𝑔/𝑚𝐿 
 
-Molekula 1x400g (Zirconium Diboride (ZrB2) - Product ID: 90025521, CAS: 12045-64-6) 
Total Cost (400g) - £325.00 
Properties: 99% trace metals basis MW: 112.85/mol (Grain Size:1-5𝜇𝑚) 𝜌 =  6.08𝑔/𝑚𝐿 
 
-Sigma Aldrich 1x50g (Silicon dioxide (SiO2)  Product ID: 637238-50G, CAS: 14808-60-7) 
Total Cost (50g) - $121 
Properties: 99% trace metals basis MW: 60.08g/mol (Grain Size:1-5𝜇𝑚) 𝜌 =  2.65 𝑔/𝑚𝐿 
 
-Sigma Aldrich 1x100g (Boron Anhydride (B2O3)  Product ID: 339075-100G, CAS: 1303-86-2) 
Total Cost (100g) - $86 
Properties: 99.98% trace metals basis MW: 69.62g/mol 𝜌 = 2.49𝑔 ∕ 𝑚𝐿(25°𝐶) 
 
8.1.2 Carbon Fibre Mats 
-Torayca T-300 (3K) Plain Weave Carbon Fibre Cloth (See section 3.4 & Appendix D) 
8.1.3 Preceramic Resin (SMP-10) 
- Starfire Systems SMP-10 (AHPCS) (See section 3.3.2 for full properties) 
8.1.4 Solvents 
- Sigma Uldrich - Cyclohexane  
Total Cost (400g) - $96.90 
Properties: 99% A.C.S. Reagent MW: 84.16 g/mol 𝜌 = 0.779 g/mL 
 
8.1.5 Mechanical Mixing 
1. Materials were received and characterised. Density, volumes and appearance was noted. 
2. Each material (ZrB2, ZrSi2, SiO2, B2O3) was weighed combined to tap density in a specimen jar 
3. Compositions of ZrB2-XZrSi2 (X=20,30,40wt%) were prepared by combining the 
individual powders. 
4. One jar of each composition was mounted in the mechanical mixer and left for 12hrs to reduce 
the size of particles and reduce down any pre-existing agglomerates. 
8.1.6 Production of Slurry: 
1. A 50:50 mass composition was selected for production of 240mmx240mm plates. 
2. The following table outlines the amounts of each powder used to form ZrB2-XZrSi2  
       (X= 20%, 30%, 40%) to produce 70g of material. 
Table 10: Powder compositions for 70g of each wt% composition 
 
 
 
 
 
 
 (ZrSi2 40%) (ZrSi2 (30%) (ZrSi2 (20%) Mass Used (g) Volume (cm^3) 
ZrSi2 (%) 38.4 28.4 18.4   
Mass (ZrSi2)(g) 26.88 19.88 12.88 59.64 12.22131148 
ZrB2 (%) 58.6 68.6 78.6   
Mass (ZrB2)(g) 41.02 48.02 55.02 144.06 23.69407895 
SiO2 1.4 1.4 1.4   
Mass (SiO2)(g) 0.98 0.98 0.98 2.94 3.266666667 
B2O3 1.6 1.6 1.6   
Mass (B2O3)(g) 1.12 1.12 1.12 3.36 1.365853659 
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3. The SMP-10 was removed from cold storage at −18°𝐶 and allowed to warm to room 
temperature before being opened under a fume hood. 
4. 70g of SMP-10 was poured into a specimen jar filled with 70g of ZrB2-XZrSi2 composition. 
5. The samples were manually stirred until the resin was fully saturated with powder. 
6. 10wt% of Cyclohexane was added to thin the slurry. 
7. The slurry was left for 60 minutes to magnetically mix. 
8. The slurries were taken off the magnetic mixers and manually mixed again to ensure any 
precipitants or sediment was agitated and back in solution. 
NOTE: Wet lay-up must follow slurry preparation immediately otherwise precipitation and 
sedimentation will occur and powder distribution in the suspension will not be uniform. 
9. Fibre volume fractions and theoretical density of the produced composite were calculated. 
 
 
 
 
Chapter 9: Manufacturing Processes 
9.1 Pressing of Powders 
1. A 10mm (OD) cylinder and mould system was selected to produce the specimens.  
2. From the density of each powder composition the volume of material was calculated. 
3. Powders were weighed to achieve a specimen height of 12mm based on the volume of 
pressing mould. 
4. Powders were poured into the press mould and prepared to tap density in the chamber. 
5. A pressure of 700MPa was applied uniaxially to ensure the sample maintained shape before 
pressureless sintering was initiated.  
6. 3 specimens of each composition were produced. 
7. A sample of bulk powder was filled into a graphite crucible and pressed to tap density. 
9.2 Wet Lay-Up: 
Equipment: Fabric Scissors, T-300 Roll, Large Tweezers, Silver Pen/Marker 
9.2.1 Fabric Preparation 
1. A mark was created at 240mm both horizontally and vertically.  
2. An entire strand of weft at 240mm was removed. 
3. A cut was made along this vacant line. 
4. A strand of warp fibre was removed at 240mm intervals. 
5. Cuts were made at 240mm intervals. 
6. This process was repeated until 12 identical pieces were produced. 
 
 
 
 
 
 
 
Volume Constituent Fibre Layer Mass (g) Plys Mass (g) Volume (cm^3) 
vm 10.80 12 Layers 129.60 73.64 
vc 73.63 12 Layers 324.00 184.188 
Fibre Volume Fraction 
(Vf) 
0.60 
 
194.40 110.55 
   
Sample Density 
(Theoretical) 
1.76g/cm^3 
Table 11: Fibre Volume Fraction 
 
Figure 29, 30, 31 From left: Green Cured ZrB2-ZrSi2  System, Vacuum Oven Reinfiltration Cure (200°𝐶), Hot Press, Waterjet Cutter 
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9.2.2 Vacuum Bagging 
Equipment: 
Release Film (Teflon), Tacky Tape, Vacuum Valve Fitting, Vacuum Pump, Vacuum Bag Hose, 
Breather Material 
1. A sheet of vacuum bag was cut larger than the sample (approx. 300x600mm) to form the bottom 
and top faces of the bag. 
2. The edges of the bag were sealed with tacky tape, with one side of the tape remaining covered 
3. The set-up was transferred to the fume hood for wet lay-up. 
4. A layer of (240x240mm) T-300 was placed on a piece and release film and then on the bag.  
5. ~3-5mL of slurry was poured onto the first layer or until sufficiently wetted. 
6. Slurry was spread using brushes careful to not misalign or damage individual fibre tows.  
7. The layer was considered sufficiently wetted when a ‘glossy sheen’ was seen on the carbon fibre. 
8. This process was repeated for consecutive layers until all 12 layers were layed and wetted. 
9. Any remaining slurry was poured onto the top layer and spread evenly to the edge of the sample. 
10. Breather material was placed in a border between the fibre layers and tacky tape.  
11. A small incision was made in the top of the vacuum bag for the Vacuum valve fitting.  
12. Breather material was placed under the vacuum valve and the bag was sealed along the far edges.  
13. Excess tacky tap was placed next to the valve to allow for the pinching of the bag. 
14. The vacuum bag was sealed tightly along the perimeter of the tacky tape. 
15. The bag was tested for leaks by applying vacuum. 
16. When 100kPa was achieved the specimen was left until the slurry was adequately ‘pulled’ into 
all corners of the piece. 
17. The vacuum disconnected and the piece was prepared to be transferred to the hot press.  
(NOTE: Issue 1 – Oversaturation of 50:50 slurry mixture, sedimentation at the bottom of the jar) 
(NOTE: Issue 2 – Higher viscosity of slurry compared to straight SMP-10) (Must wet to the edge) 
 
9.3 Hot Pressing: 
1. The press was pre-heated to 200°𝐶. 
2. The vacuum was reattached to the specimen once placed between the top and bottom plates. 
3. Sufficient pressure was applied until slurry could be seen leaching into the breather material. 
4. The vacuum disconnected, and the sample was left for 2 hours to cure. 
5. The sample was removed, and the green body was characterised. 
 
9.4 Low Temperature Pyrolysis (850°𝑪): (P5) (3, 3, 3, 3, 5°C/min) Ramps 
Equipment: GCF1700 Furnace, Argon 5.0 Bottle w (Pressure Gauge, Flow Regulator), PID 
Controllers, Shimaden Computer-Machine Interface, Pressure Escape line, Gas bubbler, Specimen 
holders, ceramic plates, long arm tongs, high temperature gloves. 
1. Samples were ensured to be completely dry before being placed in the furnace. All free 
moisture was eliminated. 
2. The furnace was opened by undoing all bolts on the front door. 
3. The ceramic door was removed. 
4. Samples were placed into holders and sat on ceramic plates. 
5. Samples were labelled and organised within the furnace. 
6. The ceramic door was replaced. 
7. The furnace door was shut and all bolts were tightened to manual grip strength. 
8. All valves were shut to initiate the purging process. 
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9. The vacuum pump was turned on and back valve was opened to evacuate the furnace. 
10. Once a pressure of -100kPa was achieved the vacuum pump valve was shut.  
11. The valve at the rear of the furnace, the argon bottle and the regulator valves were opened until 
a flow rate of 15mm/Argon was achieved on the flow meter. 
12. The chamber was filled with argon until a pressure of 6kPa was achieved. 
13. All valves opened for Argon filling were closed. 
14. Steps 10-13 were repeated 3 times. 
15. The valve at the rear of the furnace, the argon bottle and the regulator valves were opened until 
a flow rate of 15mm/Argon was achieved on the flow meter. 
16. For heating the gas escape valve is opened to a half turn and the flow is adjusted until 
~2mm/Argon is achieved or until pressure has stabilised between 2-3kPa. 
17. The loading ramps were selected from theory and input into Shimaden. For this particular 
system a ramp of 3°C/min was selected for the first 4 pyrolysis runs. 
18. Step 1-17 was repeated at a ramp of  5°C/min to 850°𝐶.  
19. The ramp rates were loaded onto the furnace PID controllers noting different controllers cover 
different temperature ranges. 
NOTE: Monitoring of the furnace for the initial stages of the ramp is crucial to avoid 
overpressure from out-gasing of samples, especially if the furnace is full. A pressure of 20kPa 
should never be exceeded.  
20. The pressure escape valve was left open to prevent overpressure from gas buildup. 
21. The cycle was left to run for the duration of the preset ramps. 
22. The first 3 pyrolysis cycles were undertaken at a ramp of 3C/min from RT-850°C.  
23. An equivalent amount of time was allowed for cooling of the furnace. 
24. The pressure was released from the furnace and front door was opened. 
25. The ceramic cover was removed before all samples were removed and characterised. 
9.5 Waterjet Cutting / Diamond Sawing: 
9.1.5.1 Waterjet Cutting: 
Equipment: 
The Nexus Waterjet Cutting system by PWJ, Software Package: SigmaNEST (Common Nesting 
Program) 
1. Samples were positioned on a backing in preparation for cutting from the Nexus Waterjet 
Cutting system.  
2. Weights were added to the corners of the sample to prevent any movement during the cutting 
process. 
3. A path file for the waterjet nozzle was prepared in the SigmaNEST software. 
4. For mechanical testing strips of 10x100mm were arrayed to cover the whole piece with a ‘sway’ 
allowed to ensure each strip remained interconnected during the cutting process. 
5. All drivers were turned on and the jet was tested. 
6. An appropriate nozzle velocity and lateral speed were selected to suit the thickness of the part. 
7. A dry ‘jogged’ run was undertaken to ensure the nozzle did not clash with any weights or 
clamping blocks. 
8. The water jetting process was initiated. 
9. The pieces were interchanged until all parts were cut. 
10. All parts were dried in an oven at 110°C to remove all water content in the part. 
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9.1.5.2 Diamond Sawing: 
1. The reservoir was sufficiently filled with water until the blade ‘kicked up’ a water spray 
indicating the blade was in permanent contact with the reservoir and being cooled. 
2. The samples were marked using silver pen. 
3. Rubber nitrile gloves were worn where required. 
4. All parts were dried in an oven at 110°C to remove all water content in the part. 
9.6 Reinfiltration 
Equipment: Reinfiltration (Vacuum Chamber, Top Fitting & Hose, Specimen Holder (Internal & 
External), Seal grease, Vacuum Pump & Hose, funnel, SMP-10 (Reinfiltration). 
1. A bottle of SMP-10 was removed from the freezer and the temperature was allowed to equalise 
with room temperature before opening. 
2. The bottle was opened with careful consideration for degassing in the fume hood. 
3. A container was placed under the fume hood and the cut plates were placed inside separated by 
strips of composite.  
4. The container was placed within the vacuum chamber. 
5. The clamped reinfiltration hose was fed into the chamber via the lid fitting and sealed using 
black tacky tape.  
6. A vacuum pump was attached to the vacuum chamber. 
7. The seals along the chambers lid were regreased and weight was applied on the top of the lid. 
8. Weight was distributed across the entire sample until a solid seal was held. 
9. The vacuum was pulled until a pressure of -100kPa was achieved.  
10. The vacuum was left on for 30 minutes. 
11. 5 parts 105D West Systems Epoxy resin was mixed with 1 part West Systems 206D hardener 
An appropriate volume of resin was poured into a cup for sufficient coverage of the samples in 
the container within the vacuum chamber. 
12. The clamp on the hose was removed and SMP-10 was allowed to flow through into the 
container ensuring air bubbles were not present. 
13. Once the container was sufficiently filled the hose was reclamped. 
14. The reinfiltration chamber was left overnight with a constant vacuum being held by the pump. 
15. The pump was switched off and disconnected. 
16. The pressure was slowly released from the chamber via the release valve.  
17. The lid was removed. 
18. The container was removed. 
19. All SMP-10 used in reinfiltration was returned to the reinfiltration bottle via funnel.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 32: Vacuum Chamber Figure 33: Reinfiltrating Parts Figure 34: Reinfiltrated Parts (P2) 
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9.7 Vacuum Oven 
1. The samples were taken out of the container and placed onto a release film (Teflon) wrapped 
oven tray. 
2. Stands were used to separate the samples from the oven tray. 
3. The oven tray was transferred to the vacuum oven. 
4. The vacuum oven pump was run pulling a vacuum.  
5. A pressure of -100kPa was achieved. 
6. The temperature was set at 200°C for the cure with an automatic timer of 2 hours. 
7. The vacuum pressure was released until 0kPa was achieved. 
8. The samples were taken out and left to cool. 
9.8 Characterisation 
9.8.1 Weighing 
1. All samples were weighed before and after each process, cutting, oxidation 
2. A spreadsheet was constructed to track Mass Gain (Reinfiltration), Mass Loss (Oxidation 
Testing), Fibre Volume Fractions, Slurry Compositions. 
 
9.8.1 Microscopy Sample Preparation: 
9.8.2 Setting of Samples in Holders 
1. Resin was prepared by mixing 5:1 resin and hardener sufficient to fill the number of samples to 
be produced. 
2. Pre-cut samples of ~10x10mm were placed side down in the direction of the weft. 
3. The samples were held in place using sample holders and each sample was set with a name 
designator in the mould. 
4. Once the samples were stationary in the mould the resin was poured into each sample mould and 
left to set for 17 hours. 
 
9.8.3 Grinding: 
1. 120 Grid Sandpaper was placed on the rotating table to spin at 200rpm in a complimentary 
direction for approximately 30 seconds or until the surface was sufficiently levelled.  
2. The surface was continually wetted under water flow. 
3. Step 1 was repeated using 320 and the 400 grid paper. 
 
9.8.4 Polishing 
4. An UltaPol cloth was placed on the turntable and spun to 200rpm. 
5. Three squirts of MetaDi 6𝜇𝑚 suspension was placed on the cloth and evenly distributed. 
6. MetaDi Fluid extender was sprayed to disperse the suspension. 
7. The samples were left to polish for 4-6 minutes or until smooth. 
8. The samples were removed and a TriDent cloth was placed on the turntable. 
9. Three squirts of MetaDi 3𝜇𝑚 were delivered onto the cloth before the speed was set at 150rpm 
and spun in a complementary direction. 
10. The samples were removed and a MicroCloth was placed on the turntable before setting the 
speed to 150rpm in a complementary direction for 1-2 minutes. 
11. Three squirts of Al2O3 solution was delivered to the cloth with 6 squirts of 0.05𝜇𝑚 Propylene 
Glycol acting as an extender.  
12. All suspension was removed from the samples by rinsing with water, then with ethanol to ensure 
the surface was not scratched.  
13. Samples were stored under vacuum until ready for inspection. 
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9.8.5 Microscopy: 
1. The Polyvar MET – Reichhart Jung was used to inspect the samples. 
2. The sample was placed on the table. 
3. The table was moved in the x and y directions with the front mounted knobs. 
4. Magnification of the specimen (vertical movement of the lens) allowed for the sample surface to 
be focussed.  
5. Important surface topography matching literature or particularly novel was scanned for and 
recorded. The recorded films were labelled with a scale and sorted into folders. 
6. Steps 3-5 were repeated at magnifications of 10x, 20x, 50x & 100x. 
 
9.9 High Temperature Pyrolysis (1600°C): 
Equipment: GCF1700 Furnace, Argon 5.0 Bottle w (Pressure Gauge, Flow Regulator), PID 
Controllers, Shimaden Computer-Machine Interface, Pressure Escape line, Gas bubbler, Specimen 
holders, ceramic plates, long arm tongs, high temperature gloves, desiccator 
1. A desiccator was installed between the Argon bottle and the furnace to remove moisture and 
impurities from the gas. 
2. SMP-10 stands were produced to hold the plates. The holders were then sat on graphite stands 
3. Steps 1-16 of the low pyrolysis process were repeated. 
4. The loading ramps were selected from theory and input into Shimaden. For this particular 
system the ramp was as follows: 
 
Table 12: Ramp speeds and appropriate PID controllers 
Step Temperature C Time (HH:MM) PID No. 
1 300 1:31 1 
2 900 4:51 2 
3 1000 1:40 3 
4 1000 1:00 3 
5 1600 10:00 4 
6 1000 10:00 3 
7 300 4:51 2 
Table 12 demonstrates a ramp rate of 3°C/min from 300-900°C. A ramp rate of 1°C/min is 
continued to 1000°C before a 1 hour dwell to ‘treat’ the fresh graphite crucibles removing 
contaminants. A ramp rate of 1°C/Min was used until 1600°C was achieved. A cool down of 
1°C/min was used to 900°C before cooling at 3°C/min until ~300°C 
5. The ramp rates were loaded onto the furnace PID controllers noting different controllers cover 
different temperature ranges. 
NOTE: Monitoring of the furnace for the initial stages of the ramp is crucial to avoid 
overpressure from out-gasing of samples, especially if the furnace is full. A pressure of 20kPa 
should never be exceeded.  
 
6. The pressure escape valve was left open to prevent overpressure from gas buildup 
7. The cycle was left to run for the duration of the preset ramps. 
8. The pressure was released from the furnace and front door was opened. 
9. The ceramic cover was removed before all samples were removed and characterised. 
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Chapter 10: Testing Procedures 
10.1 Archimedes Principle (ASTM C830):  
1. Samples were dried overnight until all water was evaporated. 
2. The density kit was assembled over an electronic scale by placing 3 stoppers around the scale 
and a plate on top. A glass beaker was placed atop the scale and filled with distilled water. 
3. The dry balance was placed underneath it.  
4. The dry weights were recorded. 
5. Samples were placed in a cup and then into a vacuum chamber.  
6. The vacuum line was arranged to lead to the cup 
7. The vacuum chamber was sealed, the water line was clipped shut and the vacuum pump was attached.  
8. A vacuum was held for 30 minutes before water was introduced into the line and the pieces were 
submerged in the chamber.  
9. The vacuum pump was disconnected. 
10. The vacuum chamber was attached to a compressed air line set to a pressure of 35psi and left for 
five minutes until the samples were fully saturated. 
11. The suspended weight was measured by suspending the saturated samples in the water and 
recording the mass.  
12. The saturated weight was determined by pat drying the samples before measuring the mass on 
the top scale.  
13. Calculations were completed to determine the exterior volume, volume of open pores, apparent 
porosity and the bulk density. 
10.2 LFA457 Flash:  
1. Square shaped specimens of S=10.3 mm ~3mm thick were prepared for analysis. 
2. Thermal conductivity values were conducted using the Laser Flash 457. 
3. The samples were coated with a thin layer of carbon to ensure even distribution of heat on the 
specimen via a graphite aerosol. 
4. The specimens were fastened to the holders and placed inside the barrel of the Laser Flash 457. 
5. The machine was left to collect data points over the temperature range (30°𝐶 − 500°𝐶). 
 
10.3 Oxidation Tests: 
1. Samples were cut into 10mmx100mm strips. 
2. The samples were organised into separate baskets standing upright and arranged into the furnace. 
3. The furnace was set at 1000°C. 
4. The furnace was ramped for 3hrs until 1000°C was achieved. 
5. The maximum temperature was achieved via thermocouple.  
6. The thermocouple was removed and the samples were left under a standard atmosphere at 
1000°C for 12 hours before the furnace was turned off. 
7. The furnace was allowed to cool for 24hrs or until a temperature of 400°C was achieved. 
8. Samples were taken out and allowed to cool in a sand pit before being characterised. 
10.4 Instron Testing:  
10.4.1 3pt Bending – Materials Testing Lab 412 (ASTM D7264) 
Equipment:  
“Standard Test Method for Flexural Properties of Polymer Matrix Composite Materials (3pt, 4pt Bending)” 
1. Samples were prepared to dimensions of 7mmx100mm. 
2. The Instron machine was prepared for 3-pt testing by setting up a standard working directory 
and process. 
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3. Each point of the test was measured, so as to create an appropriate span. In this case for 
specimens of ~3mm thickness a span of 62.5mm was set by unscrewing the mounts from the 
base and repositioning them.  
4. The sample was centred onto the bottom points and the top point was positioned at the centre of 
the sample from above. 
5. A crosshead speed of 1mm/min was selected, and all characterised values of the sample were 
entered into the Bluehill Software.  
6. A graph indicating extension vs force was generated in the Bluehill software 
7. Note of the failure mode was taken for comparison to future tests. 
10.4.2 Short Beam Shear – Materials Testing Lab 412 (ASTM D2344) 
1. Samples were prepared to dimensions of 7mm x18mm. 
2. The Instron machine was prepared for 3-pt testing by setting up a standard working directory 
and process. 
3. Each point of the test was measured, so as to create an appropriate span. In this case for 
specimens of ~3mm thickness a span of 10mm was set. Three points of 3mm diameter were 
used.  
4. The beam was loaded until failure and the failure mode was recorded. 
10.5 X-Ray Diffraction (Bruker D8 Advance Powder XRD): 
X-ray diffraction is used to determine the crystal structures of solids and the composition of elements in the 
sample. XRD is good at providing the general chemical composition throughout the sample.  
 
1. Oxide powders that formed on specimens after high temperature pyrolysis were ground in a mortar and 
pestle until very fine 
2. Powders were left to dry overnight and sorted into slurry powders, composite oxides & oxides from 
previous unsuccessful high temperature processes. 
3. The XRD pattern is produced by X-rays that are emitted from a cathode ray tube.  
4. A filament within the tube is heated producing the electrons. The electrons are electrically propelled 
towards the sample by a supplied voltage.  
5. Samples were analysed in a Bruker Advance D8 X-Ray Diffractometer equipped with a LynxEye 
detector, Cu tube and operated at 40kV and 40mA.  
6. Conditions of analysis are as follow: 15 rpm rotation, 20-90 degrees 2-𝜃 (start and end angles), 0.02° 
increment, 1.2 sec/step time per step, 0.26° fixed divergence slit, 5.0mm fixed antiscatter slit, 
1h 15minutes scan time. 
7. The XRD patterns formed from these dislodged electrons was compared to the theory to identify key the 
crystalline phases.  
8. Traces were processed using the Diffrac+ Evaluation Package Release V4.2 and PDF-4 Release 2016. 
 
 
 
 
 
 
From left: Figures 32-36: Bruker D8 (XRD), Inston SBS Set-up, Uniaxial Cold Press, Instron 3-Pt Bending Set-Up  
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Results of Archimedes Density, LFA, 3Pt Bending 
(ASTM 7264), Short Beam Shear (ASTM D2344), 
Oxidising Atmospheric Tests, High Pyrolysis 
Effects, Mass Retention and Porosity reductions    
Treatment of testing data and identification of trends, 
relating the results back to phenomena that the 
background research revealed. Focusing on the 
offgasing of SMP-10 and subsequent reactions during 
pyrolysis processes to explain oxide formations in the 
ZrB2-ZrSi2 system and mass loss in a standard C/C-
SMP-10 System 
Identifying achievements of this research and 
highlighting promising areas for further research 
and development of superior UHTC composites 
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Chapter 11: Characterised Properties of ZrB2-ZrSi2 Systems  
11.1 Microscopy 
Figures 37-88 show the microscopy images of C/C-ZrB2-XZrSi2-SMP-10 (X=20%, 30%, 40%) and 
pressurelessly sintered ZrB2-ZrSi2. Pores are indicated with red circles and have been measured. An in-
depth analysis of porosity, phase compositions and distribution has been provided in Section 11.2.  
 
11.1.1 C/C ZrB2-20wt% ZrSi2 -SMP-10 
11.1.1.1 Green Body 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The green bodies exhibit good densification and low apparent pore. A shallow pore is present at 
the 90°/0° interface of ~50𝜇𝑚 long by 10𝜇𝑚 thick under 20x magnification. A solid interface is 
apparent on the LHS.  Under 50x magnification it appears that although well distributed the slurry 
that solidified during the cure process is not completely uniform, with regions preferentially 
solidified. Areas of the Zr system have been circled in blue. The Zr system is characterised by a 
shiny irregular phase at low magnifications. The fibres can be seen in 90° and 0° orientations. The 
SMP-10 and its products appear as the dark grey material between the fibre tows. 
 
 
 
 
 
 
 
 
Figure 37: 5× Magnification Figure 38: 10× Magnification 
Figure 40: 50× Magnification Figure 39: 20× Magnification 
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11.1.1.2 Low Temperature Pyrolysis #1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pores following the first pyrolysis cycle are large ~500𝜇𝑚, opening up at the interface. 
After reinfiltration these pores have been split and significantly reduced in size. 
 
11.1.1.3 Low Temperature Pyrolysis #2 (1xReinfiltration) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 41: 5× Magnification Figure 42: 10× Magnification 
Figure 44: 50× Magnification Figure 43: 20× Magnification 
Figure 45: 5× Magnification Figure 46: 10× Magnification 
Figure 48: 50× Magnification Figure 47: 20× Magnification 
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11.1.1.4 Low Temperature Pyrolysis #3 (2xReinfiltration) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The number and size of pores has been reduced again smaller ‘flow channels’ are now present 
A perpendicular view of the green body below exhibits no pores or pitting on the surface. 
11.1.2 C/C ZrB2-30wt% ZrSi2 - SMP-10 
11.1.2.1 Green Body (Perpendicular to fibre Direction) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 49: 5× Magnification Figure 50: 10× Magnification 
Figure 52: 50× Magnification Figure 51: 20× Magnification 
Figure 53: 5× Magnification Figure 54: 10× Magnification 
Figure 56: 50× Magnification Figure 55: 20× Magnification 
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11.1.2.2 Low Temperature Pyrolysis #1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Again, large pores are present after P1. Zr phase has been better dispersed interlayer. 
A superior fibre matrix interface can be observed in non-porous regions. 
11.1.2.3 Low Temperature Pyrolysis #2 (1xReinfiltration) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 57: 5× Magnification Figure 58: 10× Magnification 
Figure 60: 50× Magnification Figure 59: 20× Magnification 
Figure 61: 5× Magnification Figure 62: 10× Magnification 
Figure 64: 50× Magnification Figure 63: 20× Magnification 
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11.1.2.4 Low Temperature Pyrolysis #3 (2x Reinfiltration) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SMP-10 regions have become significantly denser as less pre-cursor resin remains 
Large pores have been reduced in size, significant growth of the Zr phases. 
11.1.3.1 C/C ZrB2-40wt% ZrSi2 – SMP-10 
11.1.3.2 Low Temperature Pyrolysis #2 (1x Reinfiltration) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 65: 5× Magnification Figure 66: 10× Magnification 
Figure 68: 50× Magnification Figure 67: 20× Magnification 
Figure 69: 5× Magnification Figure 70: 10× Magnification 
Figure 72: 50× Magnification Figure 71: 20× Magnification 
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11.1.3.3 Low Temperature Pyrolysis #3 (2x Reinfiltration) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A strong interphase of Zr-SiC appears to be dispersed between the fibre layers. 
Small pores of ~20𝜇𝑚 remain present. A layer of ZrC family has coated the 0° fibres. 
The PS sample appears to be ~70-75% dense by surface area at 5x magnification. 
11.1.4 ZrB2-40wt% ZrSi2 (Pricelessly Sintered Pellet – Tap Density) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 73: 5× Magnification Figure 74: 10× Magnification 
Figure 76: 50× Magnification Figure 75: 20× Magnification 
Figure 77: 5× Magnification Figure 78: 10× Magnification 
Figure 80: 50× Magnification Figure 79: 20× Magnification 
SiC 
Zr 
C/C (0°) 
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11.1.5 ZrB2-40wt% ZrSi2 Re#4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The Re#4 sample shows complete coverage of the 0° fibre tows with Zr-SiC interphase. Pores are 
reduced in size and only occur at the interface. A phase has coated the 90° fibre tows. The high 
temperature pyrolyzed sample below shows degradation of Zr-SiC phase between 0° tows. This 
degradation seems shallow although an internal porous network is possible.  
 
11.1.6 ZrB2-40wt% ZrSi2 Re#3 Inert Atmosphere 1600°C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 85: 5× Magnification 
 
Figure 86: 10× Magnification 
 
Figure 88: 50× Magnification Figure 87: 20× Magnification 
 
Figure 81: 5× Magnification 
 
Figure 82: 10× Magnification 
 
Figure 84: 50× Magnification Figure 83: 20× Magnification 
 
SiC-SiO2 
surface film 
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11.1.7 SEM Analysis of P5 C/C ZrB2-40wt%ZrSi2 – SMP-10 (SE & BSE): 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 89:  65× Magnification Secondary Electron 
Scan 
 
Figure 90: 230×Magnification Secondary Electron 
Scan 
 
Figure 91: 650× Magnification Secondary Electron 
 
Figure 92: 2.3k× Magnification Secondary Electron 
 
Figure 93: 6.8k× Magnification Secondary Electron 
 
Figure 94: 23k× Magnification Secondary Electron 
 
Figure 95: 1.8k× Magnification Back Scattered Electron 
 
Figure 96: 1.8k× Magnification Back Scattered Electron 
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11.2 Mass & Porosity Results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 97: Mass changes by Pyrolysis Cycle for compositions of ZrB2-X%ZrSi2 (X=20, 30,40) 
 
Table 13: ASTM C830 – Porosity/Density Measurement 
Composition D (g) S (g) W (g) V (𝒄𝒎𝟑) V_p(𝒄𝒎𝟑) V_p (%) P (𝒄𝒎𝟑) B (𝒈/𝒄𝒎𝟑) 
Green 20 0.555 0.220 0.587 0.367 0.032 8.719 0.087 1.512 
Green 30 0.600 0.195 0.645 0.450 0.045 10.000 0.100 1.333 
Green 40 0.570 0.191 0.609 0.418 0.039 9.330 0.093 1.364 
Pyro 20 0.550 0.262 0.772 0.510 0.222 43.529 0.435 1.078 
Pyro 30 0.701 0.395 0.872 0.477 0.171 35.849 0.358 1.470 
Pyro 40 0.502 0.245 0.659 0.414 0.157 37.923 0.379 1.213 
Re #1 (20) 0.766 0.433 0.897 0.464 0.131 28.233 0.282 1.651 
Re #1 (30) 0.784 0.452 0.894 0.442 0.110 24.887 0.249 1.774 
Re #1 (40) 0.770 0.453 0.830 0.377 0.060 15.915 0.159 2.042 
Re #2 (20) 0.750 0.408 0.824 0.416 0.074 17.788 0.178 1.803 
Re #2 (30) 0.776 0.421 0.848 0.427 0.072 16.862 0.169 1.817 
Re #2 (40) (INNER) 0.736 0.378 0.780 0.402 0.044 10.945 0.090 1.831 
Re #2 (40) (OUTER) 0.816 0.401 0.858 0.457 0.042 9.190 0.109 1.786 
 
Where D: Dry Weight, S: Suspended Weight, W: Saturated Weight V: Exterior Volume,  
Vp: Volume of Open Pores, P: Apparent Porosity, B: Bulk Density 
𝑉, (𝑐𝑚3) = 𝑊 − 𝑆 , Vp(cm3) = W− D, P(%) = [
W − D
V
] ∗ 100 , B(g/cm3) =
D
V
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Figure 98: ASTM C830 – Porosity Reduction through Pyrolysis and Reinfiltration 
 
ZrB2-XZrSi2 (With Desiccator) Pre Pyrolysis (g) Post Pyrolysis (g) % Mass Retention 
C/C (Half Plate) 40% 18.430 15.362 83.353 
C/C (Half Plate) 20% 21.399 17.524 81.892 
C/C (Half Plate) 30% 20.886 16.892 80.878 
C/C SMP-10 (With Desiccator) 36.210 24.846 68.616 
C/C SMP-10 (Without Desiccator) 35.880 16.281 45.376 
Figure 99: Mass Retention after High Temperature (1600°𝐶) Pyrolysis in Inert Atmosphere (Ar) 
 
11.3 LFA457 Flash 
Table 14 and Fig 93 show the relationship between temperature and conductivity based on the 
composition of the sample where 𝐶𝑝 = 0.745 (Zimmermann, 2008) and 𝜌 ~1.76𝑔/𝑐𝑚
3 (Table 13). 
 
Table 14: Diffusivity and Conductivity values for from left: L2 & L5 Compositions 
Shot 
Number 
Temperature 
(°C) 
Diffusivity 
(mm^2/s) 
Std_Dev 
(mm^2/s) 
Conductivity (𝜅) 
(𝑊.𝑚𝐾−1) 
Diffusivity 
(mm^2/s) 
Std_Dev 
(mm^2/s) 
Conductivity (𝜅) 
(𝑊.𝑚𝐾−1) 
1..2..3 23 0.08 0.04 0.105 0.743 0.071 0.975 
4..5..6 98.2 0.129 0.045 0.169 0.593 0.012 0.778 
7..8..9 199.6 0.126 0.012 0.165 0.517 0.01 0.678 
10..11..12 302.4 0.088 0.012 0.115 0.507 0.039 0.665 
 
 
Figure 100: Comparison of Thermal Conductivity for P2 vs P5 over Temperatures between 30°C - 400°C. 
Green 20, 8.719
Green 30, 10.000
Green 40, 9.330
Pyro 20, 43.529 Pyro 30, 35.849
Pyro 40, 37.923
Re #1 (20), 28.233
Re #1 (30), 24.887
Re #1 (40), 15.915
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11.4 Oxidation Results 
11.4.1 Visual Inspection and Comments 
11.4.1.1 Greenbodies: 
 
 
 
 
 
Figure 101: Different views of Greenbody ZrB2-ZrSi2 samples after 12hrs @ 1000°C in an oxidising atmosphere 
The green bodies had significantly bent at the high temperatures whilst standing up in the baskets. 
A small amount of white oxide was present, and the ends of the piece had begun to delaminate. 
 
11.4.1.2 Pyrolyzed: 
 
 
 
 
 
 
 
Figure 102: Different Views of Pyrolized ZrB2-ZrSi2 Samples after 12hrs @ 1000°C in an oxidising atmosphere 
The pyrolized samples became hard and brittle with no flexibility and would crumble if any force 
were applied. Ash like deposit and white oxide present on sides of the piece. Plys of fibre peeled 
up at the sides. 
 
11.4.1.3 Reinfiltration #1 
 
 
 
 
 
Figure 103: Different Views of Re#1 ZrB2-ZrSi2 Samples after 12hrs @ 1000°C in an oxidising atmosphere 
The reinfiltrated part retained its shape albeit with a slight bend. A thin magenta-cyan film was 
visible on the surface of the part and was not able to be scraped off. No white oxidation products 
were present.  
11.4.1.4 Reinfiltration #3 
 
 
 
 
 
 
 
 
 
 
 
Figure 104: Different Views of Re#3 ZrB2-ZrSi2 Samples after 12hrs @ 1000°C in a oxidising atmosphere. Clockwise 
from left: Top view, side view, close inspection of oxide films (magenta-cyan scale) (front) and microcracked scale (rear) 
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The Re#3 samples exhibited a more prominent magenta-cyan surface coating. The rear of the 
sample exhibited a microfractured surface coating whereas the front surface appeared generally 
intact and pervasive. Magenta-Cyan deposits were present on the sides of the piece. The part like 
the exhibited almost no curvature. 
 
11.4.1.5 Reinfiltration #4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Figure 105: Different Views of Re#4 ZrB2-ZrSi2 Samples after 12hrs @ 1000°C in an oxidising atmosphere. Clockwise 
from left: Top view, side view, close inspection of oxide films (magenta-cyan scale) (front) and microcracked scale (rear) 
 
The Re#4 sample exhibited an additional medium-grey oxide layer not present in the Re#3 sample. This layer 
appeared thicker and exhibited reduced microfracturing. This medium grey layer interdispersed between the magenta-
cyan layer which had risen off the surface of the piece. The rear showed small deposits of white oxides.  
 
11.4.2 Oxidation Mass Retention 
Table 15: Mass Retention of ZrB2-XZrSi2 by Composition and number of Reinfiltration cycles 
Oxidation Pre (g) Post (g) % Mass Retention Oxidation Pre (g) Post (g) % Mass Retention 
Re#4 30 7.246 4.876 67.292 Re#1 30 (2) 2.507 1.567 62.505 
Re#4 20 7.291 4.903 67.247 Re#1 30 2.369 1.475 62.263 
Re#4 40 7.513 4.956 65.966 Pyro 20 2.023 1.185 58.576 
Re#3 40 8.425 5.525 65.579 Re#1 40 (2) 5.597 3.21 57.352 
Re#3 40 (2) 9.14 5.9 64.551 Pyro 40 2.864 1.567 54.714 
Re#1 40 4.978 3.21 64.484 Re #1 20 2.411 1.217 50.477 
G30 2.161 1.378 63.767 Pyro 20 (2) 2.485 1.21 48.692 
G40 2.161 1.378 63.767 Pyro 40 (2) 3.185 1.478 46.405 
Pyro 20 (3) 2.099 1.336 63.649 G20 2 0.798 39.900 
G30 (2) 2.358 1.5 63.613 Re#1 20 (2) 2.512 0.962 38.296 
G40 (2) 2.358 1.5 63.613 G20 (2) 1.987 0.7 35.229 
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Figure 106: SBS Load Vs Extension ASTM D2344 Full  Overlay (G-P6) 
 
 
Short Beam 
Strength 
(MPa) 
Max 
Force 
(N) 
 
Short Beam 
Strength 
(MPa) 
Max 
Force 
(N) 
 
Short Beam 
Strength 
(MPa) 
Max 
Force 
(N) 
R4 - 20 1 18.22 561.03 G40 3 2.54 78.18 G30 3 1.01 31.15 
R4 - 20 2 15.69 483.27 G40 2 2.18 67.29 P20 1 0.91 27.94 
R3 - 30 1 14.81 456.23 R1 - 40 1 2.14 65.97 G20 2 0.88 27.24 
R3 - 30 2 13.48 415.06 G40 1 1.97 60.79 P20 2 0.58 17.89 
R4 - 20 3 10.97 337.83 R1 - 40 2 1.88 58.04 P30 3 0.56 17.16 
R4 - 30 3 10.35 318.88 G30 1 1.74 53.59  G20 1 0.56 17.12 
R4 - 30 1 9.67 297.98 R1 - 40 3 1.70 52.44 P30 1 0.55 16.87 
R3 - 30 3 9.31 286.64 G30 4 1.24 38.29 P30 2 0.46 14.28 
R4 - 30 2 9.15 281.84 G30 2 1.14 35.06 P20 3 0.40 12.22 
11.5 Instron Testing 
11.5.1 Short Beam Shear – Materials Testing Lab 412 (ASTM D2344) 
 
 
Table 16: Comparison of maximum force and short beam strength by composition and number of reinfiltrations 
 
Short Beam Shear (G-P6) – Extension Vs Load 
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Figure 107: Short Beam Shear - Load Vs Extension ASTM D2344 (R#1-R#4) Samples 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 108: Short Beam Shear - Load Vs Extension ASTM D2344 (P1) Samples 
Short Beam Shear (R#1-R#4) – Extension Vs Load 
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1.5.1.2 Short Beam Shear High Temperature Pyrolysis: 
 
Figure 109: Full SBS Load Vs Extension ASTM D2344 P6 Tests 
 
Table 17: Short Beam Strength and Max Load of Various Compositions after 1600°𝐶 Pyrolysis 
Composition Short Beam Strength (MPa) Max Load (N) 
P6 ZRB2 20 5.74 214.83 
P6 ZrB2 20 (2) 5.42 202.72 
P6 ZrB2 30 5.74 160.78 
P6 ZrB2 30 (2) 4.38 122.73 
P6 ZrB2 40 2.21 83.66 
SMP10 - 2 0.41 9.92 
SMP10 – 1 0.41 9.88 
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11.5.2: 3pt Bending – Materials Testing Lab 412 (ASTM D7264) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 110: 3pt Bend Load Vs Extension ASTM D7264 Full Overlay (G-P5) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 111: 3Pt Bend Load Vs Extension ASTM D7264 P1 Samples 
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Table 18: Post Processing of Instron Data, Calculations of Flexural Strength and Modulus 
Bending 
Stresses 
Flexural 
Strength (MPa) 
Strain 
(mm/mm) 
Slope E_Secant 
(MPa) 
(Flexural Modulus) 
(GPa) 
Re#4 - 30 - 2 71.979 0.00160 109.784 9552.601 9.553 
Re#4 - 20 -3 82.634 *0.00134 157.333 9188.514 9.189 
Re#4 - 20 -2 95.073 0.00180 127.924 8488.425 8.488 
Re#3 - 40 -2 112.457 0.01167 119.352 7919.612 7.920 
Re#4 - 30 -1 54.403 0.00172 125.270 7598.895 7.599 
Re#4 - 40 56.046 0.00183 157.477 6659.499 6.659 
Re#1 - 40 - 2 82.634 0.00240 125.784 6487.738 6.488 
Re#3 -40 - 2 61.830 0.00212 112.333 6006.969 6.007 
Re#1 - 40 - 9 39.593 0.00199 98.400 5041.142 5.041 
Re#1 - 40 - 6 45.269 0.00315 81.250 4348.879 4.349 
P6 - 20 - 1 42.636 0.00178 86.017 4148.187 4.148 
P6 - 40 - 1 33.629 0.00201 91.801 3647.842 3.648 
Re#1 - 40 - 7 33.860 0.00372 68.303 3499.240 3.499 
P6 - 20 - 2 41.383 0.00250 63.468 3060.751 3.061 
P6 - 40 - 2 39.636 0.00177 66.104 2626.723 2.627 
Re#3 -40 
Oxidised 
14.187 0.00115 67.955 1951.737 1.952 
G40 3 1.076 0.00452 39.806 1892.523 1.893 
G40 8 *0.842 0.00354 39.806 1892.523 1.893 
G40 10 1.478 0.00466 36.359 1801.691 1.802 
G40 6 - 2 1.056 0.00445 37.720 1793.367 1.793 
P30 3  7.749 0.00356 22.948 1458.367 1.458 
P30 2 6.883 0.00272 21.435 1362.233 1.362 
P20 1 6.350 0.00163 17.751 1128.112 1.128 
P20 3 6.750 0.00175 17.706 1125.241 1.125 
P20 2 5.911 0.00312 16.556 1052.135 1.052 
P 30 1 7.713 0.00277 14.367 913.028 0.913 
G30 6 2.379 0.00746 14.844 765.677 0.766 
G20 6 1.880 0.00793 14.844 705.734 0.706 
G30 3 1.673 0.00519 11.913 614.504 0.615 
G30 2 2.273 0.00712 7.529 388.385 0.388 
Re#3 -40 
Oxidised - 2 
5.949 0.00190 10.445 340.057 0.340 
G20 74 1.864 0.00783 6.837 325.047 0.325 
G20 5 1.648 0.00686 *6.569 *312.300 *0.312 
G20 3 1.522 0.00632 *6.569 *312.300 *0.312 
 
Minimum values of each property have been indicated by italics and an asterix. Maximum values 
of each property have been bolded.  
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11.6 High Temperature Pyrolysis Visual Inspection: 
11.6.1 P6 – C/C-ZrB2-40%ZrSi2  
 
 
 
 
 
 
 
 
 
Figure 112: P6 – C/C-ZrB2-40%ZrSi2 Samples (Top and Side Views) 
Consistent surface layer has formed across the entire sample. Minimum microfractures on the 
sample. Visible oxide depositions on the surface in the form of a fine powder. Reflective surface 
coating with no particular tinge. No visible white oxides. 
 
11.6.2 P6 – C/C-ZrB2-30%ZrSi2: 
 
 
 
 
 
 
 
 
 
 
 
Figure 113: P6 – C/C-ZrB2-30%ZrSi2 Samples (Top and Side Views) 
Consistent film looks to be pervasive. Reflective with a cyan tint. No magenta tint is present. 
Contains a surface layer of loose powder. Darker grey in colour when compared to the 20% ZrSi2 
sample.   
 
11.6.3 P6 – C/C-ZrB2-20%ZrSi2: 
 
 
 
 
 
 
 
 
Figure 114: P6 – C/C-ZrB2-20%ZrSi2 Samples (Top and Side Views) 
Continuous film looks to be pervasive. Reflective with a cyan/magenta tint. Similar phase to what 
was formed in the 1000°𝐶 oxidising environment. Contains a surface layer of loose powder. 
Lighter grey in colour when compared to the 30% ZrSi2 sample.   
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11.6.4 ZrB2 30% ZrSi2 – (SMP-10) Slurries: 
 
 
 
 
 
 
 
Figure 115: ZrB2 30% ZrSi2 – (SMP-10) Slurries 
The sample had bubbled on the top. This excess material was scrapped off and collected in sample 
bags. The pyrolyzed slurries took the form of fine blue-green reflective crystals in a loose porous 
structure. When force was applied these structures quickly crumbled. The resultant powder was 
further characterised using XRD (Section 11.7.2). 
 
11.6.5 ZrB2 (20, 30, 40)wt% ZrSi2 Pressureless Sinter: 
 
 
 
 
 
 
 
 
Figure 116: ZrB2 40% ZrSi2 Pressureless Sinter (PS) 
 
The ZrB2 (20 & 30%) ZrSi2 PS pellets remained relatively porous and brittle. When handled with 
tweezers the side walls were prone to collapse. These PS samples were unable to be cut. The ZrB2 
40% ZrSi2 PS composition had set rigidly into the graphite crucible. Removal of the piece 
undesirably required cutting of the mould. The structure was significantly less porous than the 
20% & 30% compositions. The structure retained some strength and was able to be handled with 
tweezers. This composition was successfully cut and characterised by both XRD (Section 11.7.1) 
and Microscopy (Fig 77-80). 
 
11.6.6 Standard C/C-SMP-10 System: 
 
 
 
 
 
 
 
 
Figure 117: From left: Standard C/C-SMP-10 System (Top and side view), C/C SMP-10 without desiccator 
 
A light grey powder similar to that in C/C-ZrB2-40%ZrSi2 was present on the bottom half of the 
front side of the sample. Some fibre degradation could be seen on the rear of the sample with 
small circles of white oxides. This was in contrast to previous experiments which resulted in 
complete degradation of fibres with black oxides, high mass loss and poor mechanical properties. 
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11.7 X-Ray Diffraction (XRD) Spectrum Patterns 
11.7.1 ZrB2- 40%ZrSi2 Pressurelessly Sintered 
 
Figure 118: ZrB2- 40%ZrSi2 Pressurelessly Sintered (Graphite Crucible) 
A good fit of data was achieved with all significant peaks accounted for. Peaks were narrow 
indicating a highly crystalline material. The presence of ZrB2, crystalline SiC, ZrC and small 
amounts of ZrO2 was confirmed. This is in agreement with studies done by Shi where 𝑆𝑖𝑂2 was 
not formed at the PS temperature. Peaks at ~ d=3.904?̇? and d~2?̇? were difficult to determine. 
 
11.7.2 ZrB2 30% ZrSi2 – (SMP-10) Slurries 
 
 
 
 
 
 
 
 
 
 
Figure 117:  
Broad Peaks suggest very small crystalline domains. Can’t have long range orbit. 
No oxides present. Zirconium Carbide present. Trace ZrSi. Unexplained Peak at 30 Degrees 
 
 
 
11.7.3 C/C ZrB2 30% ZrSi2 – (SMP-10) Plate Oxides 
Figure 119: ZrB2-30% ZrSi2 – (SMP-10) Slurries 
Strong peaks for ZrC, ZrB2 and SiC were present with the absence of ZrO2. Peaks at ~30° & 50° 
were difficult to match and will be investigated further. Peaks remain sharp indicating highly 
crystalline construction.  
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11.7.3 C/C ZrB2 40% ZrSi2 – (SMP-10) Plate Oxides 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 120: C/C ZrB2 40% ZrSi2 – (SMP-10) Plate Oxides 
Much broader peaks were present in the plate construction particularly from 30°- 40°, the 60° 
peak and 71.5° peak. Peaks at d=1.704?̇? and d=3.37?̇? were difficult to discern. A strong signature 
of cubic SiC was confirmed in addition to ZrC, ZrB2 and small amounts of ZrO3. The d=1.704 
peak could not be characterised.  
 
11.7.4 C/C ZrB2 30% ZrSi2 – (SMP-10) Plate Oxides 
 
Figure 121: C/C ZrB2 30% ZrSi2 – (SMP-10) Plate Oxides 
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The same d=1.704 and d~3.36 peak was present and could not be clearly characterised. The same 
SiC cubic phase formed with larger ZrC peaks also present. ZrB2, ZrSi2 and small amounts of 
ZrO2 were confirmed.  
11.7.5 C/C High Temperature Pyrolysis (C/C- SMP-10) 1600°C (Without desiccator)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 122: C/C High Temp Pyrolysis C/C- SMP-10 1600°C (without desiccator) 
 
Chapter 12: Discussion 
12.1 XRD Characterisation: 
Full characterisation of each phase match is provided in Appendix E.  
12.1.1 ZrB2- 40%ZrSi2 Pressurelessly Sintered 
The presence of boron oxide is unlikely, however a SiC is possible but would be masked by the 
larger Zr peaks. The 30° peak is most likely a carbide of some variety most likely Boron Carbide, 
or Zirconium Carbide. It is possible given the location the peak a carbonate structure could be 
present.  
 
12.1.2 ZrB2 30% ZrSi2 – (SMP-10) Slurries 
This sample had a similar signature. The 30° is likely the same compound with the 50° peak being 
a different variant of 𝑍𝑟𝑂2 (Baddeleyite) as in the first sample.   
 
12.1.3 C/C ZrB2 40% ZrSi2 – (SMP-10) Plate Oxides 
This sample displayed a different signature. Most notably wider peaks indicative of small 
nanocrystals or uncrystallised amorphous SiC. These wide superpositioned peaks make it difficult 
to determine between carbide and hydride phases. Separate tests are required to make this 
distinction. Insignificant traces of 𝑍𝑟𝑆𝑖2 were also present in the spectrum. An additional ZrO 
phase is likely present at 𝑑 = 3.37𝐴.  
 
12.1.4 C/C ZrB2 30% ZrSi2 – (SMP-10) Plate Oxides 
A much stronger carbide phase is evident. All peaks are well matched and in particular SiC 
(Moissanite 3C Cubic) is high accuracy match. 
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12.1.5 C/C High Temperature Pyrolysis (C/C- SMP-10) 1600°C (Without desiccator)  
A large amorphous peak is present in the Carbon region. This is indicative of multiple carbon 
phases superpositioned or a mostly amorphous region. This may be caused by the fibre 
degradation at temperature initiating phase transformation in the base carbons. A strong signature 
of graphite and SiO2 was present. A minor peak at d=2.787A exhibited a direct match with Tartric 
acid. This may be indicative of a contaminant in the production process or some unexplained side 
reaction in the crosslinking of the ceramic precursor.  
 
It should be mentioned that the XRD method is only sensitive to crystalline structures. 
Amorphous carbon and B2O3 will not appear on these spectrums even though they may be 
present. Separate investigative methods are required to screen for these phases.  
 
12.2 Microscopy, Visual inspection and XRD combined characterisation 
 
 
 
 
 
 
 
 
 
 
 
The formation of baddeleyite crystals (𝑍𝑟𝑂2) was confirmed by the XRD spectrum in section 
11.7.1. Formation of these crystals were confirmed under 10x Magnification at the 0°/90° interface. 
 
 
 
 
 
 
 
 
The cause of the reflective film on components as seen in figures (104, 105) is believed to be a 
crystalline form of SiC either Moissanite (Hexagonal) as suggested by the XRD analysis 11.7.3 
and 11.7.3 or Carborundum (Cubic). Extended periods of high temperature exposure will lead to 
crystal growth.  
Figure 124: Crystalline Formation in PS ZrB2- 40wt% ZrSi2  
 
Figure 123: From Left: Formation of crystalline phase in ZrB2-40wt% ZrSi2, (10x) Close-Up, Literature 
Example 
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High quantity of these SiC phases significantly increase the hardness of the structure. The 
moissanite phase is characterised by a strong covalently bonded structure where localised 
pressures of 52.1GPa can be maintained. (Xu, 2000) 
 
12.3 SEM Characterisation 
In figures 89-94 the image is produced by secondary electrons. Figures 92-94 show formations of 
crystalline phases of ~1𝜇𝑚 in size. Light grey spherical particles in figure 92 of ~2-3𝜇m are likely 
of the Zr system. The 0° fibres are difficult to discern and have been coated by layer of light grey 
phase interspersed with darker phases (Si family). The carbon fibre tows are represented by dark 
grey cylinders in Figures 89-96. Figures 95-96 are produced using back scattered electrons. Here 
the lighter phases are likely to be Zr family where the darker grey areas represent SiC.  
 
 
 
 
 
 
 
 
 
The Re#4 ZrB2-ZrSi2-SiC system closely resembles the literature image (far left) with the 
exception of additional medium grey phases thought to be which XRD indicates are ZrC & ZrO2. 
 
12.4 Volume Shrinkage of SiC phases and Volatization  
The greenbody when pyrolyzed at 800°𝐶 is transformed into an amorphous glassy 𝛼 − 𝑆𝑖𝐶 phase. 
At high temperatures 𝛼 − 𝑆𝑖𝐶 changes again into crystalline FCC 𝛽 − 𝑆𝑖𝐶 phase. However, at 
each transformation stage significant volume shrinkage will occur. 10-15% on initial pyrolysis 
and then a further 30 - 40% during crystallization. Thereby, optimal performance can only be 
achieved through a number of lengthy reinfiltration processes. (Lee, 2008) 
 
A network of pores is expected to develop throughout the curing and pyrolysis stages caused by 
Hydrogen out-gasing until all ceramic precursor has been crystallized. One of these pathways was 
spotted on a 10x magnification of the ZrB2-40wt% ZrSi2 Re#3 post high temperature pyrolysis.  
 
 
 
 
Figure 125: From Left: Moissonate 3C Cubic or Carborundum (SiC) 
Figure 126: Monolithic SEM image of ZrB2-SiC (Mehdi,2014), C/C ZrB2-ZrSi2-SiC (Roland, 2017) 
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At ~1000°𝐶 partial oxygen atmospheres can invoke thermodynamically favoured surface 
oxidation where the outer material layers form a Si𝑂2 layer. Thickening of the SiO2 occurs above 
1200°𝐶 reducing the rate of oxygen diffusion and consequently the rate of mass loss in the Zr base 
system. Above ~1500°𝐶 reactions between SiO and CO layers will produce gas compromising the 
outer surface film through microfracturing. As temperature is increased dependent on the SiO2 
crystal phase the SiO2 layer will melt first before the crystalline Si𝑂2is evaporated off.  
 
Volatization of the SMP-10 sample when subjected to a high temperature pyrolysis without a 
desiccator is most likely caused by the one of three reactions: 
1. Hydrolytic Reduction of 𝑆𝑖𝑂2:              𝑆𝑖𝑂2(𝑠) + 2𝐻2𝑂(𝑔)
~1100°𝐶
→     𝑆𝑖𝐻4 + 2𝑂2 
2. Reduction/Etching of 𝑆𝑖𝑂2:                   𝑆𝑖𝑂2(𝑠) + 𝐻2(𝑔)
~1600°𝐶
→     𝑆𝑖𝑛𝐻2𝑛+2 + 𝐻2𝑂 
3. Reduction/Etching of 𝑆𝑖𝐶:                     𝑆𝑖𝐶(𝑠) + 𝐻2(𝑔)
~1600°𝐶
→     𝑆𝑖𝑛𝐻2𝑛+2 + 𝐶𝑛𝐻2𝑛+2 
 
It is possible for each reaction to occur competitively by significantly eliminating water in the 
furnace through the use of a desiccator, only the 2nd and 3rd mechanisms remain for reduction of 
the sample. The dominance of one reduction mechanism over another is determined by a number 
of variables including pressure, heating rate, gas interactions, gas flow turbulence, purity of inert 
gas and surface variation inherent in the sample. The interplay between these variables can lead to 
a partially attacked sample as seen in Fig 110. Placement of the samples in the furnace influenced 
the oxidation of the plate in Fig110. The rear that was relatively oxide free had direct Argon flow 
from the furnace inlet. All other samples were oxidised on both sides and would receive disturbed 
Argon flow downstream.  
 
The timing of degradation can have a significant effect. If samples are reduced following 
oxidation the initial oxidation reaction may not be discernible post cycle.  
 
Furthermore when the Zrr system is considered the following reactions can occur: 
 
2ZrB2(s) + 5O2(g) = 2ZrO2(s) + 2B2O3(g) 
2SiC(s) + 3O2(g) = 2SiO2(s) + 2CO(g)  
         C(s) + O2(g) = CO2(g)  
  SiC(s) + 3H2O(g) = SiO2(s) + CO(g) + 3H2(g) 
        C(s) + H2O(g) = CO(g) + H2(g) 
 
When comparing results to operation without the desiccator a 23% improvement in mass retention 
was achieved. The main reason for reinfiltration is to fill these microporous networks. SEM 
suggests after four reinfiltrations the prevalence of these porous networks has been reduced. 
 
Figure 127: Evidence of micropore network caused by out-gassing 
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12.5 Formation of Microporous Networks: 
A limitation of the pre-ceramic resin SMP-10 is the emission of H2 gases during the 
transformation (crosslinking) process. Hydrogen atoms are liberated from the silane bonds and 
expended until all pre-ceramic has transformed. Occupation of substituent positions in the 
polymer chain backbone with elements other than hydrogen such as silyl or methyl may reduce 𝐻2 
out-gasing. Any oxygen or water present even in trace amounts will increase Hydrogen out-
gassing. Substitution of hydrogen positions with blocking agents could remove this reactive 
tendency. (Lee, 2008) A distribution of multi-function monomers reacting with the disilane during 
polymerization could shift the Si:C ratio to be Si heavy. Having an oversupply of Si before the 
crosslinking of carbon-rich groups would reduce the number of allyl crosslinking groups required 
to achieve a 1:1 Si:C ratio by the crystallization phase whilst also reducing the intensity and 
amount of Hydrogen out-gassing.  
 
Understanding out-gassing and limiting its effects is the key to achieving minimum apparent 
porosity in the smallest number of reinfiltrations possible and significantly improving the quality 
of the part.  
 
12.6 High Temperature Flexure: 
An interesting unintended test was undertaken during furnace runs in an oxidising atmosphere. All 
ZrB2-ZrSi2 demonstrated a degree of curvature on removal. This suggests that the stiffness of the 
material was not retained and bending occurred under self-weight of the specimens. The Re#4 
sample exhibited no curvature. This loss of stiffness at high temperature may be caused by liquid 
phases at the interface or unreacted ceramic precursor. As seen in the SEM characterisation 
figures 93 & 94 demonstrated a strong fibre-matrix interface with very little evidence of voiding 
or porosity. The Re#4 samples also demonstrated the highest retained strength post oxidising tests.  
 
12.7 Flexural Failure Modes: 
The following failure modes were most commonly occurring failures in both the SBS and 3Pt 
bending tests. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 128a: From Left: Re#1-40 2 Centre Interlaminar shear ~Ply 5 & 7 LHS, Re#2 – 40 Side Initiation 
 
 
Figure 128b: From Left: Re#3 Tension fracture in bottom plys, close up of crack, crack face 
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Figure 128c: G-20 Sample Mixed Interlaminar shear & Inelastic Deformation ~Ply 3& Ply 9 RHS 
 
Greenbodies typically failed through interlaminar sheer after inelastically deforming, this is 
suggested by the highest strain rates of all the samples seen in table 18. Pyrolysed parts performed 
the worst and would often delaminate during the cutting process. Re#1 parts still exhibited 
interlaminar shear but at much lower extensions and strain rates. A significant amount of 
bounceback was observed but once fracture occurs high loads cannot be sustained. Beyond Re#2 
the samples began to behave like ceramics and failed in brittlely under tension on the bottom face. 
An audible pop was present at fracture and a clean fracture surface was observed. This change in 
failure mode corresponded with a large increase in strength, with Re#4 samples having almost 10x 
the flexural strength of Re#1 samples. 
 
12.7.2 Flexural Strength in Zr Systems: 
An issue with ceramic composites remains adequate handling during cutting or resizing or parts. 
ZrB2 based composites have low toughness. Any surface defects in the form of pores, cracks, 
scratches or holes can act as stress concentrators and initiate fracture at the flaw tip. Polishing of 
the cut surfaces may increase the resultant strength values by reducing the number of crack 
initiating sites. 
 
A benefit of passivating oxide layers is the self-healing of surface defects. The glass phases that 
form exert pressure over the flaw filling it through mass transport. Shi determined that oxidation 
durations of up to 60 minutes at 1000°𝐶 increased the flexural strength through the formation of 
𝐵2𝑂3. Flexural strength increased under short term oxidation at 1200°𝐶 due to even greater 
surface defect healing ability of 𝑆𝑖𝑂2. Furthermore the biproducts of CO and SiO become trapped 
beneath the passivating 𝑆𝑖𝑂2 film. A critical temperature occurs at ~1770°𝐶 where the internal 
pressure of these trapped gases is sufficient to rupture the outer oxide layer whereby local 
degradation will occur and passivation ceases, and surface defects will be exposed. (Shi, 2011) 
 
12.8 Effect of Porosity and Oxide Layers on Thermal Conductivity  
Values of thermal conductivity for the C/C 𝑍𝑟𝐵2 − 40% 𝑍𝑟𝑆𝑖2 − 𝑆𝑖𝐶 composition as measured 
by the LaserFlash457 was significantly lower than similar systems in literature ~1 (W/m.K) 
compared to ~50-70W/m.K. This may be attributed to two key factors: porosity and the presence 
of oxide layers throughout the part.  
The majority of literature values are from flash sintered monolithic systems. An increase from 0.1 
W/m.K to 1 W/m.K was witnessed from the Re#1 samples to the Re#4 samples as porosity was 
significantly reduced. The oxide films of 𝑍𝑟𝐵2, 𝑆𝑖𝑂2 and C/C have conductivities of 1.7, 1.3 and 
0.7 W/m.K respectively. This is significantly lower than SiC or ZrC which exhibit values of 120 
and 20.5W/m.K. These oxide layers are skewing the results but the bulk material is believed to 
have a high thermal conductivity, further research is needed.  
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12.9 Mass Retention due to Passivating Surface Layers:  
Oxygen transport is the limiting factor of Zr substrate degradation. The mechanisms of transport 
that dominate are permeation and network exchange where permeation is transport via interstitial 
spaces in the amorphous material or network exchange where oxygen jumps from a network site 
to the 𝐵2𝑂3. It should be noted that the enthalpy of both Si and SiC is equivalent, i.e. there is no 
preferential oxidation in the Si system.  
 
The volatility diagrams for 𝑍𝑟𝐵2, SiC and the 𝑍𝑟𝐵2-SiC were calculated for 1500°𝐶. 
 
 
 
 
 
 
 
 
 
 
These phases were in agreement with the crystal phases found by XRD analysis. Fahrenholz 
suggests that thermal cycling can increase the thickness of 𝑍𝑟𝑂2 − 𝑆𝑖𝑂2 layers. Oxygen activity 
below this 𝑍𝑟𝑂2 − 𝑆𝑖𝑂2 is low enough such that the oxidation of 𝑍𝑟𝐵2 substrate does not occur. 
 
 
 
 
 
 
 
         (Fahrenholtz, 2007) 
 
 
 
Research has concluded that the formation of the 𝑍𝑟𝑂2 layer allows for passivation above the 
stability limit of 𝑆𝑖𝑂2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 129: Volatility diagrams of 𝑍𝑟𝐵2, 𝑆𝑖𝐶, 𝑍𝑟𝐵2 − 𝑆𝑖𝐶 at 1500°C (Fahrenholz, 2007) 
Figure 130: Oxide and substrate layer interactions, interfacial motion and oxygen partial pressures 
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Chapter 13: Conclusions & Recommendations 
13.1 Conclusions 
The introduction of the ZrB2-ZrSi2 system into C/C-SMP-10 construction achieved improved 
strength and high temperature performance via surface passivation and consolidation of the fibre-
matrix interface. The following discoveries were made through the course of the research: 
 
1. Hydrogen out-gassing during the curing and pyrolysis stages is the key driving force behind the 
formation of porous networks within SMP-10 containing samples. 
2. Oxygen transport on the surface of the material limited by ZrO2-SiO2-B2O3 oxide layer 
interactions determines the rate of oxidation in the underlying ZrB2-ZrSi2-SiC substrate. 
3. Reduction in the amount of apparent porosity directly increases the strength achieved in 3pt 
Bending (112MPa), SBS (18.22MPa) where parts transition from interlaminar shear failure and 
delamination to brittle fracturing under tension, characteristic of a monolithic ceramic. A 
maximum elastic modulus of ~10GPa was achieved. Reduction in porosity also leads to 
significant increases in thermal conductivity. 
4. Through the use of XRD the presence of 𝑍𝑟𝑂2, Crystalline FCC SiC and ZrC phases were 
confirmed to have formed. Formation of carbides is believed to be accelerated by a reaction with 
the T300 fibres at high temperatures. Comparing Figure 118 to Figure 119 shows significant 
increase in the formation of ZrC from pure slurry to composite structure. Presence of SiO2 was 
identified in the volitization of the previous high temperature pyrolysis C/C - SMP-10 sample. 
5. High temperature experiments in both oxidising environment (1000°𝐶) and an inert environment 
at (1600°C) showed a significant improvement in mass retention of with 68% retention in the 
former and a 15% improvement (from 68%-83%) for the latter under equivalent conditions. 
Similarly, mechanical properties were a significant improvement over the standard C/C-SMP-10  
 
13.2 Recommendations 
I. Synthesis: 
- Use of solvents to increase powder saturation and suspended volume in slurries. 
II. Manufacturing: 
- Use of solvents to reduce sedimentation during mixture of powders and increase powder 
concentration, wettability and reduce viscosity in the slurry.  
- Effect of ramps rates on degree and intensity of off-gassing and hence porosity in the parts. Aim 
to open and agglomerate pores in early stages. Have pores closed for high temperature oxidation 
III. Testing: 
- High Temperature Tests 
- Reduced Oxygen Atmosphere Test 
IV.       Analysis & Characterisation: 
- Characterisation of amorphous phases including B2O3 and phases in the Carbon family using 
XPS, EDS and other non-destructive techniques. 
- Analysis of 𝑆𝑖𝑂2, 𝐵2𝑂3, 𝑍𝑟𝑂2 surface interactions 
- Different testing to identify amorphous compositions and rough amounts. 
- Measurement of Fracture toughness using (ASTM C1421) 
V.        General: 
- Further investigation of liquid phases in the Zr family achieving high density at low temperature  
- Investigation into capping process before final high temperature pyrolysis to fill in the Hydrogen 
driven microporous networks. Agglomeration of the microporous network is beneficial in early 
stages to allow for greater reinfiltration penetration into the part.  
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Appendices 
Appendix A: Composites ‘Cookbook’ 
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Appendix B: Composites Cookbook (Lowered Melt with Sintering Aids) 
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Appendix C: Standard Operating Procedures (SOP) 
 
Standard Operating Procedure: Use of High Temperature Furnace for 
Pyrolysis (Max. 1700°C) 
Location: Composites Laboratory AEB 
Date: 31/05/2017 
Prepared By: Roland Langford 
Safety Requirements 
Personal protective equipment (PPE): Before the use of the furnace ensure the following 
protective equipment is available. 
1. Safety Glasses 
2. Heat resistant jacket (If quenching or rapidly cooling samples) 
3. Thermal Gloves 
4. Closed Shoes 
5. Long Pants 
6. Lab Coat 
7. Safety Glasses or Face Shield (when necessary) 
Review risk assessments & ensure trainings are up to date: 
- Chemical Safety Assessment 
- Laboratory Safety Assessment 
- General Workplace Safety Training   
- Annual Fire Safety Training     
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Purpose 
To pyrolyze the green body of resin and fibres into a Ceramic Matrix Composite. 
Materials and Equipment 
- Cured Starfire Resin SPR688/Catalyst Mixture and T300 Carbon Fibre Fabric 
(approximately 1:1 weight ratio of resin and fabric)  
- Graphite or Ceramic Crucible or support structure for green body samples 
- GCF1700 Atmosphere Furnace – Across International 
Procedure 
1. The green body sample was placed in the furnace ensure direct contact with the base of the 
oven is avoided. Direct contact with heating elements was also avoided. 
2. The isolating ceramic layer for the door was inserted. 
3. The door was screwed shut, by loosely tightening each bolt to allow for distortion of the 
door. 
4. All screws were tightened further. 
5. All valves were closed, note that little force is required. Excessive force may reduce the 
efficiency of the valve. 
6. The Argon gas flow was turned on. 
7. Cycles of vacuum drawing and backfilling with Argon were undertaken to ensure all 
Oxygen was evacuated from the chamber.  
8. Ensure the furnace is not over-pressured with Argon. 
9. Steps 10-12 was repeated three times. 
10. The voltage, amps and current temperature of the furnace can be monitored via the 
switchboard and display dials at the bottom of the furnace.  
11. Ramp cycles can be loaded to the controller through the Shimaden wizard on the attached 
PC. 
12. The specimen was left in the oven for 2hrs. 
13. The temperature setpoint was set to below room temperature to ensure the heating 
elements remain unengaged. 
14. The temperature of the furnace was monitored to ensure. 
15. The oven was left to cool and the sample was removed. 
16. The main power to the furnace was turned off.  
 
Standard Operating Procedure: Preparation of Starfire Resin 
Location: Composites Laboratory AEB 
Date: 31/09/2017 
Prepared By: Roland Langford 
 
Safety Requirements 
Personal protective equipment (PPE): Before the use of the furnace ensure the following 
protective equipment is available. 
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8. Safety Glasses 
9. Closed Shoes 
10. Long Pants 
11. Lab Coat 
12. Disposable Plastic Gloves 
13. Safety Glasses or Face Shield (when necessary) 
 
Review risk assessments & ensure trainings are up to date: 
- Chemical Safety Assessment 
- Laboratory Safety Assessment 
- General Workplace Safety Training & Annual Fire Safety Training     
Purpose 
Mixing of Starfire resin SPR688 with catalyst to promote curing of the resin at reduced 
temperatures 
Materials and Equipment 
- Starfire Resin SPR688 
- Platinum Catalyst Concentration 1% 
- Electronic Scales 
- Fume Cupboard 
- Beaker, Hand Pipet & Stirrer 
Procedure 
1. The scales were placed in the fume hood and any clutter was cleared to ensure a safe 
workspace. A beaker and hand pippet were prepared to measure the catalyst. 
2. Collect starfire resin bottles from the freezer. 
3. Ensure the lid is opened slowly under a fume hood to allow for the release of back-
pressure of any built up gases. 
4. Place scales in fume cupboard, and ensure area is reasonably tidy. Have a beaker and hand 
pipet cleaned and ready for use.  
5. The resin was poured slowly and weighed. 
6. Step 5 was repeated until the weight approached the desired value. 
7. The wt% was calculated prior to testing. For 100g of mixed solution 99g of resin is to be 
mixed with 1g of Platinum catalyst.  
8. The hand pipet was used to finely control the amount of platinum catalyst until 1wt% was 
achieved. 
9. The mixture was stirred taking care to not fold in any air into the mixture. 
10. Using the hand pipet, pour 1%wt of the platinum catalyst mixture into the resin. 
11. Stir slowly and carefully to avoid folding in air into the mixture.  
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Appendix D: Identification of New Hazards: 
Fine Powders: 
  Zirconium Silicide (ZrSi2) 
i. Hazardous decomposition products – SiO, ZrO 
 
ii. Mitigation:  
• Fume hood with a minimum extraction of “100ft / min” ~0.5m/s 
•  PPE – Impervious gloves, normal protective clothing, safety glasses 
• General containment and hygienic measures 
• Removal of all soiled or contaminated clothing 
• If the fume hood is not feasible or fails, a respirator with type N95 (USA) or 
(EN143) must be used 
 
iii. HMIS rating: Health – 1, Flammability - 0, Reactivity – 1 
LD50 Oral – No Data 
GHS07 – Warning 
H335 – May cause respiratory irritation 
Fire Fighting: Typically, non-flammable, may emit toxic fumes if during fires. 
 
  Zirconium Diboride (ZrB2) 
i. Hazardous decomposition products – Metal oxide fume, Boron Oxide 
 
ii. Mitigation:  
• Fume hood with a minimum extraction of “100ft / min” ~0.5m/s 
•  PPE – Impervious gloves, normal protective clothing, safety glasses 
• General containment and hygienic measures 
• Removal of all soiled or contaminated clothing 
• If the fume hood is not feasible or fails, a respirator with type N95 (USA) or 
(EN143) must be used 
 
iii. HMIS rating: Health – 1, Flammability – 2 , Reactivity – 1 
ACGIH TLV 10, Not classifiable as a human carcinogen 
GHS07 – Warning – Acute toxicity, skin and eye irritant 
Harmful if swallowed, in contact with skin or inhaled 
LD50 Oral – No Data 
P210 – Keep away from open flames 
P240 Ground/bond container and receiving equipment 
P241 Use of explosion proof electrical ventilating equipment 
H228 Flammable Solid, R11 – Highly Flammable 
Fire Fighting: Carbon dioxide, extinguishing powder or water spray 
Silicon Dioxide (SiO2) 
i. Hazardous decomposition products  - None 
 
ii. Mitigation:  
• Fume hood with suitable extraction should be used 
•  PPE – Impervious gloves, normal protective clothing, safety glasses 
• General containment and hygienic measures 
• Removal of all soiled or contaminated clothing 
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• If the fume hood is not feasible or fails, a respirator with type N95 (USA) or 
(EN143) must be used 
 
iii. HMIS rating: Health – 1, Flammability - 0, Reactivity – 0 
GHS08 – Health Hazard 
H372 – Causes damage to organs through prolonged or repeated exposure (Lungs) 
LD50 Oral – rat – 3,160mg/kg 
Carcinogenic by RTECS criteria 
Category 1 – Organ Toxicity, H372 
Fire Fighting: Standard, not typically flammable 
 
Boron Oxide (𝑩𝟐𝑶𝟑) 
i. Hazardous decomposition products – None 
 
ii. Mitigation:  
• Fume hood with a minimum extraction of “100ft / min” ~0.5m/s 
• PPE – Nitrile Rubber Gloves, normal protective clothing, safety glasses 
• General containment and hygienic measures 
• Removal of all soiled or contaminated clothing 
• If the fume hood is not feasible or fails, a respirator with type N95 (USA) or 
(EN143) must be used 
 
iii. HMIS rating: Health – 2, Flammability -  0, Reactivity – 1 
LD50 Oral – rat - 1900-2100 mg/kg 
GHS08 – Danger - (Potential Reproductive Toxicity) 
Hygroscopic (absorbs moisture from the air) 
Reaction with strong reducing agents can lead to release of Hydrogen gas.  
Fire Fighting: Standard, not typically flammable used as flame retardant 
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Appendix E: Torayca T300 Data Sheet 
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Appendix F: Material Invoices 
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Appendix G: Detailed XRD Phase Identification 
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Appendix H: 𝒁𝒓𝑺𝒊𝟐 & 𝒁𝒓𝑩𝟐 Purity 
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Appendix I: ASTM D2344 
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Appendix J: ASTM D2344 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
